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[ PROLOGUE - for non-speclalists |

Silicon was identified in 1823 by the Swede Jons Jacob Berzelius; it is the second most common
element on carth. In 1930 scientists “decided” that crystalline sllicon is a metal 2nd not an
insulator; at that time the electrical properties of this material were govemned by the present strong
contaminations. After 20 years of intensive research, pure crystalline silicon was recognised as a
serniconductor and the first transistor was developed at the Bell Laboratories (New Jersey) in
December 1947. Today, crystalling silicon is the core material for all computers. In 1989 the
semiconductor market had a total tumover of $ 62'000'000'000.

In Scotland in 1954, a group of scientists working on the production of high purity single crystal
silicon, using thermal decomposition of silane by r.f. beaiing, noticed a deposit of a non-
crystalline form of silicon on the unbeated parts of their reaction vessel: Amerphons
hydrogenated silicom was discovered - as published in 1969 by Chittick et al. A big break-
through for amorphous silicon was the snbstitutional introducing of impurities, as published in a
famous paper by Spear LeComber in 1975. This opened the fabrication of semiconductor devices
sach as transistors and solar cells with amorphous hydrogenated silicon,

The significant advantage of amorphous hydrogenated silicon - in comparison to crystaliine silicon
- is that this semicondnctor can be directly produced in a form that can cover a very large area.
Today, amorphous hydrogenated silicon is a key material, e.g. for the electronic parts of liquid
crystal displays as used in portable computers; it also has great potential for photocopy machines
(the photoconductive layer on the cylinder) and laser printers.

The first solar cell based on amorphous hydrogenated silicon was developed in the RCA
laboratories in 1976. In contrast to crystalline silicon solar cells, amorphous solar cells are easy to
produce in the form of panels with a surface of up to 1'mx 1m;the production of such
amorphous cells also uses mnch less energy and material for a given installed power rating. The
thickness of a crystalline solar cell is (usually) several 100 um and is produced at very high
temperatures, whereas amorphous solar ¢cells are onty about 0.5 pm thick and are deposited at
about 200 °C.

Industries all over the world have started to prodnce amorphous silicon solar panels, however, it
was reported by Staebler and Wronski in 1977 that this material is unstable when exposed to
light; i.e., it exhibits ar initial light-induced degradation effect and stabilises, therefore, at a lower
performance value. The initial cell efficiency is 8% to 10% (in the most simple configuration) and
decreases to a stabilised value which is about 30% lower tham the initial value. More complex
cell structures lead to about 10% stabilised cell efficiencies. The panel efficiency is generally a
bit lower.



For several years now, an important topic in amorphous silicon research has been the
understanding of the instability of the amorphous hydrogenated silicon; the ultericr motive was to
avoid this instability or at least reduce its effect. Nowadays, it is more or less proven that this
instability is related to an increase of defects located within the amorphovs semiconductor. The
Constant Photocurrent Method was introduced by Vanecek et al. in 1981, in order to
measure such defects (by measuring the optical abserption). In the following study, the Constant
Photocurrent Method is intensively used and, thereby, critically analysed.

- -



[ ABSTRACT - for specialists |

The Constant Photocurrent Method (CPM) is one of the experiments most commonly used
for measuring the sub-band-gap absorption spectrum of amorphons hydrogenated silicon (a-
Si:H). The original form of the theory nnderlying the CPM technique was developed for “n-type”
a-5i:H material. However, CPM is also oflen nsed to characterise intrinsic or “p-type” material.
Therefore, it is of basic interest to know in which cases CPM detects the "true™ absorption
spectrum of a-Si:H.

The stndy presented here consists of three chapters: CPM measurements are presented in
chapter 1, analytical studles and definitions for the numerical calculations in chapter
2 and a numerical analysis in chapter 3.

In chapter 1, CPM spectra of different samples and configurations are presented and discussed:
CPM spectra were measured on different, slightly doped layers in the annealed and in the Jight-
soaked state. It was found experimentally that CPM spectra measured on slightly "p-type” samples
often do not correspond to the absorption spectrum in the annealed state: Moreover, the
correspondance is better in the light-soaked state. Based on this observation, three CPM
measurement conditions, which quite generally need to be fulilled during the measurement of
a CPM spectrum, and the concept of the CPM "working point" are introdnced and discussed.
Further, CPM spectra were measured on PIN diodes in sandwich-contacted and in coplanar-
contacted configurations. Also, CPM spectra were measured on “partial”, coplanar-contacted
diodes in different, inhomogeneowsly degraded states. These spectra were compared with CPM
spectra measured on slightly doped, inhomogeneonsely degraded layers.

In chapter 2, the so-called "standard model” of a-Si:H is recapitulated; based on this well-
known model photo conductivity, carrier generation rate and optical absorption are discussed. It is
found that 2 defect with a finite correlation energy (e.g. dangling bond defects) can - as a matter of
principle - not be replaced by a combination of a donor-like and an acceptor-like defect. Thbe
ocenpation functions of a defect with a finite correlation energy are analysed at steady-state
equilibrinm; certain specific “recombination” levels are introduced as a new concept: berween these
levels, the occopation functions are constant. Further, "generation” levels are introduced to
describe the defect-to-band generation mechanisms (localised-to-delocalised transitions and
vice versa) which are present in the case of snb-band-gap illumination as well as in the case of
band-gap illumination.

In chapter 3, conductivity and generation rate are analysed numerically, as a function of the
incident photon fiux and of the photon energy. This allows one to numerically calculate CPM
spectra at steady-state equilibrinm and to compare them with the absorption spectra at thermal
equilibrinm. As a cross check, absorption spectra pertaining to the Photothermal Deflection
Spectroscopy (PDS) method were also numerically analysed at steady-state equilibrinm. Ic is

- vl -



found that CPM spectra at steady-state equilibrivm are sensitive to the ratio of the capture cross
sections (of the defects) and also to the Fermi level position; furthermore, it can be thereby
ustrated that the three CPM measurement conditions are not always fulfilled.
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| * WHAT IS NEW * |

a) CPM Measnrements (chapter 1):

The CPM technigne is connected with the relation between conductivity and generation rate (a
relation that is well known for band-gap illumination). Based on this relation three CPM
measurement conditions are introduced here. Only if all these CPM measurement conditions are
fnlfilled, will the CPM technigue detect the absorption spectrum. Here, some cases were
experimentally identified where these CPM measurement conditions are not fulfilled: in fact in
these cases the CPM spectra are distorted and cannot be used for the determination of defect
density.

S0 far, either undoped or strongly doped samples were analysed with the CPM technique. Here,
for the first time slight “n-type" o "p-type” samples are analysed with CPM. It is fonnd that the
deep defect absorption values of slightly "n-type”, annealed samples are related in a “strict” way to
the gas dopant ratio. In the case of slightly “p-type”, annealed samples, it is found that the CPM
deep defect absorption valves are higher than the corresponding PDS values: but the CPM
measurement conditions are not fulfilled in this case and the CPM spectra are, therefore, distorted.

The origin of the relation between the CPM deep defect absorption value and the Fermi level
position is contradictional. Here, it is found that a simple, but not very “strict” relation between
them exists for slightly “n-type" samples as well as for undoped samples deposited at different
temperatures. In the case of slightly “p-type", annealed samples, the relation between the CPM
deep defect absorption value and the Permi level position is meaningless due to the failure of the
CPM technique for such samples.

The comparison between annealed and light-soaked states of 2-Si:H, as well as the degradation
kinetics for the transition between the (wo states, are of fundamental interest. Here, it is found for
the first time that slightly doped samples show different degradation kinetics than undoped
samples. Further, it is demonstrated that the defect density in the light-soaked state shonld be
characterised by the CPM technique and not by photo-conductivity measurements, as the laiter
method can lead to significant errors.

The interpretation of CPM measurements on thin PIN diedes is contradictional. Here, it is shown
that CPM spectra of thin and thick PIN diodes are much more similar than assumed so far. As a
new tentative, thin PIN diodes where measured not only in sandwich configuration but also in
coplapar configurations.

The influence of inhomogeneons defect distrbutions on CPM spectra has so far hardly been

stodied. In order to know more about this problem, layers were light-soaked inhomogeneonsty
and analysed by “front” and "back” CPM.
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Finally, some {called "partial diodes” here)
are analysed by the CPM technique. The results of these new configurations are discussed in the
term of charge carrier accumulation in the i-layer.

b) Analvtical studi nd definitions for npumerical calculations (chapter 2);

The analysis presented in chapters 2 and 3 is based on the so-called "standard DOS model" and
“stapdard transport model”. The "standard DOS" of a-3i:H consists of parabolic band states,
exponential tail states and a Gaussian shaped defect distribution of defects with a finite correlation
energy (dangling bands). The standard transport model is based on multiple trapping theory and is
related to the concept of a mobility gap.

It is generally assuroed that the CPM techinique operates under fixed "recombination levels" (see
e.g. Taylor and Simmons). Here, for the fist time, inati Vi L wi ite

coryelation epergy (dangling bonds) are introduced.

Itis generally assumed that the occupation functions prevailing during CPM measurements are
approximately equal to the occupauon funcuons preva.lhng in them:al equﬂlbnum Here, for the
fist time, the occupation f 3 h 2 e]a : gling
investigated under deferent values of steady-state illamination intensity.

Concerning the possible optical tray from a defe i : 2IE
bonds), it is found that certain of these have been undetestlmated by a faclor 2 $0 far

Mittiga et al. introduced @ new concept in order to describe localised-to-delocalised wransitions
(sub-band-gap statistics). This concept is analysed here with help of some new "generation levels”
and adapted to a defeci with a finite comrelation energy (dangling bonds).

[} ualysi te

So far, a-Si:H models are either discussed at thermal equilibrium (i.e. sub-band-gap absorption) or
at steady-state equilibrium (i.e. photo conductivity under band-gap illumination). Here, for the
first time, a complete numerical model is presented which describes both thenmal equilibriom and
steady-state equilibrium. To the author's knowledge, this numerical mode] is at present the mast
complete available. The thermal emission rates as well as the optical transition rates are, thereby,

taken into account.

At thermal equilibriure a new deconvelution approach is presented which allows to determine
some of the parameters of the roodel. It is found, however, that the value of the optical matrix



element cannot be determined by this approach. For the first time, with a etrical

parabolic densities of states for a-Si:H are discussed here,

At steady-state equilibrium this numerical model allows to compare CPM specira_at steady-state
equilibrinm with the “true" absorption at thermal equilibrium for the first time. Additionally, PDS

spectra at steady-state equilibrium are analysed here for the first time. Furthermore, it is possible
to analyse the conductivity as a function of the photon energy and as a function of the incident
photon flux. It is found that even in the case where the photon energy is equal to the mobility gap,
the conductivity of a-3i:H can still he determined by transitions from localised-to-delocalised
states.
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1, CPM Measurements

In this chapter the Constant Photocurrent Method (CPM) will be presented within the framework
of the measurement of optical absorption spectra of amorphous hydrogenated silicon (a-Si:H).
Some "strong” measurement couditions that are necessary in the case of CPM will be presented;
these conditions must be fulfilled in order to measure the absorption spectrum correctly with the
CPM technique. CPM spectra of nndoped and doped layers will be presented in the annealed and
the light-soaked state as well as CPM spectra measnred on PIN diodes with sandwich and
coplanar contacts. Further, CPM spectra of "u-i" and "p-i" configurations with coplanar coutacts
will be presented. The influence, ¢.8. of measurement emperatire, of Fermi level position, of
layer thicknesses, of dopants and of deposition temperatwie on the CPM spectra, will be
discussed, analysed and compared to the behaviour of other absorption measurement techniques.

A typical absorption spectrum for amorphous hydrogenated silicon (a-Si:H) is shown in
Fig.1a. Generally, such an absorption spectrum cousists of three parts: the deep defect
absorption range, the exponential tail range and the band absorption range. In this
chapter these three ranges will be analysed, while their detailed, microscopic interpretation will be
discussed in chapter 2.

The band absorption range is interpreted - in terms of crystalline semiconductor - to correspond to
optical transitions from the valence band to the conduction band. The exponential tail - also called
Urbach tail (as it was originally observed by Urbach [53] in AgBr) - is characterised by its slope
(indicated as a dashed line in fig. 1a). In the case of a-Si:H, the Urbach slope is independent of the
layer's temperature over a wide range. The deep defect absorption range is of basic interest in the
case of a-Si:H: in the annealed staee, the deep defect absarption is low, but it increases over more
than one order of magnitude, as e.g. under light soaking. This increase in the deep defect
absorption range is called degradation of the material. One can distinguish between the initial state
(annealed state) and the light-soaked state (degraded state). The deep defect absorption range is
interpreted as the result of transitions from localised deep defect states within the bandgap 10
delocalised band states: these deep defects act as recombination centres and their increase leads to a
decrease of the photo conductivity. However, not only is the photo conductivity lower in the
degraded state than in the annealed state, but also the dark conductivity. The decrease of the dark
conductivity is interpreted to be related to a shift of the Fermi energy E,.

Recent research efforts have been centred on finding new preparation techniques for a-Si:H to
produce layers which do not show such degradation behaviour (or, at least, show less
degradation). Therefore, experimental tools are required to measure the absorption spectrum in the
absolute scale, especially in the deep defect absorption range. In this study the Constant
Photocurrent Metbod (CPM) - introduced by Vanecek et al. [81] for a-Si:H - and the



Photothermal Deflection Spectroscopy (PDS) - proposed by Jackson et al. [81] for a-5i:H
- will be used to measure the optical absorption spectrum of a-Si:H. Besides this, the dual-beam
method - proposed by Wronski et al. [82] for a-Si:H - will also be discussed.

The Constant Photocurrent Method (CPM) measures the conductivity and detects a relative
spectrum (called the CPM spectrum here), whereas PDS operates contactless and detects (in a
certain sense, see section 1.3.2.) an absolute spectrum (called the PDS spectrum here}. The
refative CPM spectrum can be calibrated in the range of the exponential tail with the absolute PDS
spectrum. If no PDS spectrum is available (especially in the case of device configurations), it will
be shown hereunder that the relative CPM spectrum can be calibrated in the range of the band
absotption with optical transmission measurements. Fig.1b shows the CPM and PDS
spectrum of the same a-5i:H layer: the relative CPM spectrum is calibrated in the exponential tail
range by the absolnte PDS spectrum. CPM only works under the uniform absgrption condition
(od << 1), whereas PDS also works under slightly non-aniform absorption: this is the origin of
the differences between the two spectra as observed in the band absorption range. The differences
in the deep defect absorption range are of capital interest and will be discussed here: in comparison
to the PDS method, CPM seems to be more sensitive in the deep defect absorption range than PDS
and generally shows lower deep defect absorption values than PDS.

The Constant Photocurrent Method CPM and the Photothermal Deflection Spectroscopy PDS
method, which are well established tools to determine the optical absorption spectra of a-Si:H
layers in the annealed or light-soaked states, will be analysed here to decide which method detects
the "true” absorption spectrum of a-Si:H.

105 absorption spectnun of a-Si:H 105 absorption spectrum of a-SicH
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Fig.1a: absorption specttum oi(Awm) of a-Si:H Fig.1b: measured CPM and PDS spectrum
(hypothetical). o{fit) of an annealed, undoped a-Si:H layer.
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he Con nt_Meth and the conductivi

This analysis is independent of a possible microscopic DOS model of a-Si:H. This analysis is
based anly on photo conductivity, the generation rate, the incident photon flux and the absorption.

S 4] ac

It has been observed experimentally that the photo conductiyity 6, of a semiconductor is often
connected with the geperation rate G by a power law [Rose 63]:

Ty o G

The main feature of the power Jaw exponent ¥ (Rose factor) is 1o characterise the recombination
behaviour. For uniform absorption (o d << 1} the generation rate G can be approximated by
G = ot &, where B, corresponds to the total jncident photon flux. Thus, one can write

o, {0}

In the case of amorphous hydrogenated silicon (a-Si:H) the power law exponent y can vary with
the generation rate, and the proportionality G, « G is only defined in a small range. This fact
was the main motivation for Vanecek et al. {81] to introduce the Constant Photocurrent
Method CPM for a-Si:H in 1981. While keeping the photocurrent constant, they found that the
absorption ¢ is simply inversely-proportional to the total incident photon flux &, [Vanecek 81]:

G, = Const => au—]— foroed <<
0

With this approach the power law exponent ¥ does not vary any longer with the generation rate,
and it is possible to measure the relative absorption spectrum of a-Si:H. The relative CPM
spectra, whith will be presented in this chapter, have been calculated with this approach
(e 1/ y).

Starting from the differences measured in the deep defect absorption range between CPM and PDS
(see e.g. fig.1b), the author has analysed the CPM measurement approach of Vanecek et al. [81]
in a more detailed way. This analysis will not give any microscopic interpretation of the CPM
spectra, but lead to some swrong, restrictive CPM measurement conditions which have to be
fulfilled in order to identify the CPM spectra as the optical absorption spectra of a-SicH.



2) Non:linear photg conductivity

One can either measure the photo conductivity 6, (with the lock-in technique) or the total
conductivity &,, (with a multimeter / electrometer). For an arbitrary, but small range of the
generation rate G, one can write:

o, o« GY or G, G"

The power law exponent ¥~ - introduced by the author et al. fMettler 93/2] - differs in general
from the Rose factor v, however, it differs significantly only in the range of low generation rates
G if the principle of superposition is valid:

O, << 0, => y#Y =0

Gph >0y == r=Y

The principle of superposition means that total conductivity o, is equal to the sum of dark
conductivity O, and photo conductivity O, (G, = G, + G, }. Note that the analysis presented in
this section is valid, independent of the principle of superposition. The term “non-linear photo
gonductivity” means that the power law exponent 'y (Rose factor) is ot equal to one (y #1).

For vniform absorption (ot d << 1) the generation rate can be approximated by G = o @, where
®, comresponds to the total incident photon flux. Thus, one can write for an arbitrary, but small
range of the generation rate G:

O, = G o« {0 @y} or O =G o {ox (I)o}?.

In the case of a-Si:H the power law exponents yand ¥’ can vary with the generation rate G. When
either photo conductivity &, or total conductivity G, is kept constant, the power law exponents
and the generation rate are fixed. The author has described this condition of having a fixed
conductivity as a CEM "working point” (G cpy . Gepy) (Mettler 93/3]: :

o = (o) ™ = {e O '™ with Gy = )
Geom % {Gew )ﬁm o for 'po}ﬁm With Oy = Oy

The description of the photo conductivity of a semiconductor by a power law (G,, = G”) was
originally introduced for photon energies b larger than the bandgap and for photo
conductivities larger than the dark conductivity. One can assume that this power law dependency
can also be used to describe the phote conductivity for photon energies i@ smaller than the
bandgap - at least for a small range of generation rates. But the author would like to point out that a
priori there is no evidence that these power law dependencies are identical for
different photon energies hw. The conductivity, the gencration rate and the power law
exponent can all be a function of the photont energies. Therefore, one has to write:

-4-



O, () o< G(A)™ o= {o( B0} By ()} ™
or 6. (40} o= GO ™ ox [ar(o) B (he)}” ™

If the conductivity is kept constant while the photon energy %@ is changed, the conductivity is no
longer a function of the photon energy A®. But the generation rate, as well as the power law
exponent, are - a priori - still functions of the photon energies. One can write in terms of the CPM
"working point” (G, Gou):

Immode: Gy o G, (RO w{a(ﬁm)tb,,(hm)}’”"m} with Gy = G,
ew-mode:  Geppy o Gy (O™ oc {c(h0) By (A ™™ With Gy = o

These two equations describe the situation of the Constant Photocurrent Method CPM: the upper
equation corresponds to the Im-mode (light-modulated CPM mode), whereas the lower equation
corresponds to the cw-mode (continuous-wave CPM mode). In both cases, one gets a relative

CEM spectnuin ¢t p, (R®) by using the relationship

1
U gy (B o2 .
cu(he®) O, ()
The fellowing two conditions are mecessary (but mot snfficient) conditions to
ensure that the relative CPM spectrum o, (ko) corresponds to the relative

absorption spectrum o(h@) Mettler 93/2);

First CPM condition:  the power law exponent Yepy O Yepy
has to be spectrally-independent:

Y erm (R@) =Y py for all Fio (lm-mode).
Yep (REB) = Yy for all Fiey (cw-mode).

ition: the CPM generation rate G, and
the CPM “workjng poinl" (GCPM ‘ GCPM)
have to be spectrally-independent:

G{h@) = Gy, for all ha.

If the first and the second CPM conditions are fulfilled, the original CPM approach (see section
1.2.1.) is valid in the following manner:




Ime-mode: Gy < Gpy™ o {(h) 3, ()} With Gepy = O,

cwemode: Oy o Gpyy ™ o {oi(fion) B, (hen)}'™ With Gopy = G
So much for CPM analysis for the case where photo conductivity is larger than dark conductivity

(G, > G,), commesponding to the original CPM measurement approach (see section 1.2.1.).

The following figures illustrate the meaning of the CPM “"working point" and of the two CPM
measurement conditions, Fig.2 shows the results of an undoped a-Si:H layer where the first and
the second CPM conditions are fulfilled. Pig.3 shows the results of a slightly "p-type" layer where
neither of the two CPM conditions are fulfilled. Note that the speciral calibration of the generation
rate G requires to know the exact optical absorption values. Details and a discussion of these
measurements are given in appendix A2.3.

In this subsection the author will discuss the special case wbere the power law exponent is
spectrally-independent and equal to one (linear photo conductivity). This can be the case for layers
measured in the Im-mode with &, << &, where total conductivity is equal to dark conductivity or
where total conductivity is equal to the conductivity of an additional cw-mode bias light (dual-
beam technique). Further, this can be the case for diodes (primary photo curent),

In this special case one can write

G (hd) o« G(R) o= a( ) By (hw) for y(hw)=vy=1
G (RO) o G(HO) = (R} By (hw) for v (R@)y=7 =1

Therefore, the absorption spectruym ot(%icy, G(hw)) is given as

Ghary G (D)

Im-mode: Ot(ﬁﬁl’thm))“‘pn(k@) @, (hey)

for y(haw)=y=1

G(htw) o S (hw)

B0 Y A=Y=

cw-mode:  o{hw, G(hw)) =

One can conclude from these relations that it is no longer necessary now to keep the conductivity
constant (as in the case of CPM) in order to measure the absorption spectrum. The anthor came to
this conclusion for the specific case where photo conductivity is below dark conductivity
(S, << 6,) [Mettler 93/2). Furthermore, this is the standard approach of the dual-hsam technique
{6y << 6,) [Wronski 82). However, it is still possible to measure CPM spectra in this specific
case of a spectrally independent, linear photo conductivity. The author will show CPM spectra
measured with a bias light in section 1.6.2.
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Fig.2a: the conductivity o, as a function of
the generation rale G for three different
photon energies: a typical CPM "working
point” is indicated where the second CPM
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layer [Mettler 93/3]).
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Fig.4 shows two spectra of a slightly "p-type" layer (CPMI: &, >> @, and CPM2:
Gop << O,) as calibrated by PDS. One recognises that the PDS spectrum is higher than the
CPM1 spectrum in the deep defect absorption range. This fact is related to the fajlure of the first
and the secand CPM condition far &, >> G, (as shown in fig.3 for this layer). In contrast, the
PDS spectrum is approximately identical to the CPM2 spectrom when the two CPM conditions
remain fulfilled for G, << g, (spectrally independent, linear photo conductivity).

From these measurements one can see that if the CPM measorement conditions are not fulfilled for
one CPM conductivity Ogp,, (CPM1), it is still possibie that the CPM measurement conditions are
fulfilled for another CPM conductivity G (CPM2)

slightly p-type, annealed film

| N B AL 2
Fig.4: the CPM spectra G (P®) of a 10 E
slightly "p-type”, annealed layer as calibrated — 103 r 'i
by PDS spectrum. The CPM1 spectram was :E, 102 _ j
measured in the cw-mode with Gy >> G, "g
and the CPM2 spectrom was measured in the 3 101 ¥ T
lm-mode with Oy << G, ’ 100 3
[Metler 93/3) w01 | ;

e T S S S
E[eV]
) The third CPM condit

If the first and the second CPM condition are fulfilled, one can write

non-linear phato conductivity linear photo condnetivity

kn-mode: e Cepns = Gy

cw-mode: Cpnt < G "™ G = Gopy

In order to be more precise, one has to nate that the propertionality factors of these relations also
has to be spectrally-independent. The anthar will call this the "third CPM condition™ here. This
proportianality factor could change if e.g. the majority charge carrier (or altematively its mobitity
valoe), as related 1o the conductivity G, ., changes as a function of the photon energy Aw.

If the first, the second and the third CPM condition are fulfilled, the CPM spectrom should
correspond to the absorption spectrum of the a-Si:H:

OURD) = O ppy,y (AD) o=

1
@y (h6d)



Oae can conclude that the CPM spectrum Oy, (R} can, in principle, always be measured but that
this CPM spectrum does not a priori correspond to the optical abserption spectrum. Only if the
first, the second and the third CPM contlitions are fulfilled does the Constant Photocurrent Method
CPM measure the absorption spectrumn. In this section no assumption at all has been made about
the material itself and therefore the anthor notes that CPM spectra can be measured on any material
with a measurable photo conductivity (sce e.g. [ic-Si layers analysed by CPM, section 1.4.5.).

From an experimental point of view three different spectra will be distinguished here: CPM
spectrum Oy, (i), PDS spectrum @ (Am) and dual-beam spectrum. o (5w} . Each of these
experiments claim to detect the “true” absorption spectrum (2w} of a-Si:H. However, it bas been
shown that these measurements cperate vnder different conditions, especially under different
illuminations. From a theoretical point of view, the author bas noticed that the absorption spectrum
at thermal equilibrium need not be identical tc the absorption spectrum under experimental
illumination because the fllumination of the layer can - in principle - influence the occupation of the
deep defects in such a way that the possible optical transitions change. Such effects are a possible
origin for the different deep defect absorption values found in the three different experiments
{discussion see section 1.7.3d).

e me -
1.3.1. The CPM detection mechanism

With the CPM measurement set-up used bere, the dark current, the total current and the
pbotocurrent of a sample can be measured as a function of the temperature (T =0 - 250°C), as a
function of the incident light intensity (I, = 0 - 4 mWcm™) for a specific photon energy (Ao =
0.83 - 2.43¢V) or as a function of the applied voltage (U = 0-100V). Fig.5a illustrates the CPM
detection mechanism. Details of this CPM measurement set-up are given in appendix Al.

In this CPM set-up it is possible to use samples deposited on a glass substrate with coplanar
contacts or any kind of multilayer structure (e.g. diodes) with sandwich or coplanar contacts. The
sample can either be illuminated from the fiont or from the back by a monochromatic, spectrally
dependent pump bearp. Basically it is possible to measure CPM spectra O, (@) in the Im- or
cw-mode with this set-up, but also annealing curves o(T), current-voltage dependencies (I-V
curves) and phote conductivity characteristics o(G, #w). If, additionally, a second
monochromatic pynp beam illuminates the sample (bias light), it is also possible to measure doal-
bearm spectra ¢ (#0) in the Im-meode. Experimental details conceining the CPM measurement
techniques are given in the appendix, sections Al.1. t¢ Al.4.
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Fig.5a: CPM detection mechanism. Fig.5b: PDS detection mechanism,

detecti h

The PDS method was analysed in detail by Curtins e¢ al. [89] and Favre [94/1). Fig.5b shows the
PDS detection mechanism: the surface of a homogeneously grown layer of a-Si:H is illuminated
by a monochromatic, spectrally dependent pump beam. Paratlel and close to the layer surface, a
red HeNe-laser probe beam passes the layer and its light is detected by a position detector. In order
to casure the absorption of the layer, it has to be in a liquid (here: CCl,} with a strongly
temperature-dependent refraction index n,(T). The red HeNe-laser probe beam passes through
this liquid. Depending on the spectral absorpticn of the a-Si:H layer, the liquid is heated in a
different way, leading to a change in its refraction index An,. Due to the change in the refraction
index An, of the liguid, the deflection of the red HeNe-laser probe beam also changes. This
deflection Ax is detected as a funciion of the pboton energy of the pump beam. The detected PDS
signal sp; (A} is proportional to the total generation rate G, (ho):

Spps (i) o< G (hiod)

The PDS signal sy, (k) is detected with the heip of a lock-in technique. The incident photon fiux
P, (hw) of the monochromatic light is generally kept constant - in contrast to the CPM technique.
The absolute PDS spectrum is given as

G(hw) _ Ph(ho) sp (i)

o5 () = - 50) ~ A sepg(h02,) Dy(h0)

with a(hm)d <<l and a(h, ) d>>1

The PDS spectrum is calibrated at a specific photon energy he, with ad>>1 (full absorption).
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.3.3, Transmission m

~ 1f no PDS spectrum js available, the relative CPM spectrum can be calibrated by a transmission
measurement. The averaged transmission T depends on the absorption o, the sample thicknesses
d, the refraction coefficient R, of the a-Si:H / air interface and on the refraction coefficient R, of
the a-8i:H / substrate interface {Swanepoel 83):

T QRO R)E™ T TT
1-RsRe
The absorption a(hm) can be calenlated from this transcendent equation by assuming two
spectrally independent refraction coefficients R,(a-Si:H / air) = 0.3 and R,(a-Si:H / substrate) =
0.16 and by determining the sample thickness d (which can be measured for example with an -
step).

mHn ¥

Fig.6: Calibration of a relative CPM spectrum 105 e Cfl’l\l’l andtl;al:lSmJSS]?n ~

by transmission measurements (sample 3

A121090A2 as calibrated by Vanecek {91/1]). 104 F transmission < 1

Especially for thick samples, the matching 103 ,. ]

range (indicated by a circle) can cause some - 3

problems. In this case it is helpful o draw the £ 102 3

exponential tail range (dashed line) which s 10 F

connects the transmission absorption with the 1006

CPM absorption. However, it remains easier

ta calibrate the relative CPM spectrum by the 101g

PDS spectrum (see fig.2). 10z——r e b e L
0.5 1 1.5 2 2.5

E(eV]
341 easL ts and the i T

The current-voltage dependency (I-V measurement) contains some information about the physical
nature of the contacts. In this section I-V measurements are presented for a coplanar-contacied
layer. The dark current is measured with an electrometer. Under illuimination the current can be
measured in the cw-mode (electrometer) and in the Im-mode (lock-in technique). One can
distinguish between dark current T, total current I, and photo current I,. The author has
introduced the following notation in order to describe the I-V characteristics by a power law for an
arbitrary bu small voltage range U:

I, = U% I, U I, «U*
= log(1,) £ = log(l,,) E= log(L,)

log(U) " log(U) log(U)
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The exponents with a star correspond to measurements with an electrometer. As already
mentioned, the principle of superposition (1, =1, +1,) need not be a priori valid. The following
classification of the voltage power Jaw factors is well known for the dark corrent:

Ohmic contacts: I=R'U k=1 and R = const
Charge carrier injection: I, « U &>1
Ideal blocking contact: 1= const E,=0

In the case of the photo cugrent, the following classification seems reasonable:

Ohenic-like:
Ideal collection:

lecU t=1

1= const £=0

Fig.7 shows the I-V characteristics of a coplanar-contacted layer (0.5mm x 8mm). Fig.7a shows
the dark current 1, fig.7b shows the total current I, and fig.7c shows the photo current 1, . The
layers were illuminated with a constant intensity (I, = 4mWem™ and ke = 1.1eV and 1.3eV).
Omne can recognise that the contacts show an Ohmic behaviour in all three cases at 10V
corresponding to an electric field of 200V/cm. Vanecek [91/1] supports the hypothesis that an
electric field of 200V/cm will generally, lead to Ohmic contacts which are required for CPM
measvrements on layers, Hereafter, an applied voltage of 10V has been chosen with & coplanar
contact configuration of 0.5mm x §mm.

The [-V measurements shown in fig.7 and the CPM spectra shown in fig.8 comrespond to the same
sample. The observed difference in the deep defect absorption range of these CPM spectra - as
measured in the cw-mode and in the Im-mode - seems not to be related to the Omic behaviour
measured in both cases (see notes at the end of this section),

TV layer (coplanar) TV: layer {coplanar) TV: layer {coplanar)
13 [A) -'c{ark"" £ LalAl
4 10-125— current 1.5 51010
£ ~] 4100
3102 " -
Fo ot piir :1 3 1010
21023 ° 3
1 102E E raev]
SRR, 1o y 0 0 W :
AN ET TR FERTENNTNAN NN TN PR T l. bl ;
0051015202530 0 5 1015 20 25 30 0 5 10 15 20 25 30
Uv) U™ umw
Fig.7a: dark I-v Fig.7b: cw | B Fig.7¢c: Im 1-v

characteristics (1,(U) and
EU)) of a layer with
coplanar contacts in the
dark. (sample A121090)

charackeristics (I,(U) and
E'(U» of a layer with
coplanar contacis under
illumination.(sample A121090)
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[-V measurements characterise the contact behaviour. Fig 8b indicates that Cr and Al contacts
lead to the sarme CPM deep defect absarption values (the author used basically Al contacts for this
study). This means that these metals show no spectrally dependent Ohmic behaviour, However,
Hoheisel et al. 191] reported that the CPM deep defect absorption values (undoped, anncaied
layers) are very sensitive to the materjal of the contacts.

In principle, metallic contacts on a-Si:H can lead to band bendings, related to charge carrier
injection or to charge carrier depletion, maybe not only in the dark, but also under illumination.
But as a forther aspect of the contacts, the distance between the two coplanar contaces also
influences the CPM spectrum of a-Si:H: the larger the distance between the two coplanar contacts,
the higher the deep defect absorption valves (see e.g. [Vanecek 21/2), [Hoheisel 91]). Such effects
have been analysed and interpreted as light scattering effects within the layer (see e.g. [Vanecek
91/2)). In order to keep such effects small [Vanecek 91/1], the distance between the two coplanar
contacts has been chosen as 0.5mm for this study.

CPM: cw-mode & Im-mode CPM: different contacts
Ios E T | T | T "' I L E 105 H LI | L | LI ) |" I LA B
104 i i G H : i i :
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Fig.8a: relative CPM specira 0O, (ko) Fig.8b: relative cw-CPM spectra Otqp, (A®)
(calibrated at 1.6eV) of an undoped, annealed {calibrated at 1.6eV) of 2 "p-type" layer with
layer, as measured in the cw-mode and in the Al angd Cr contacts. (sample C270991)

Im-mode. (sample A121080)

Note: Even if the Ohmic condition is fulfilled, the CPM spectra - as measured in the ew-mode
and in the Im-mode - can be different (see fig.7 and fig.8a). One can recognise that the deep
defect absorption values decrease with increasing chopper frequencies. The cw-mode CPM shows
a higher deep defect absorption than the Im-mode CPM (also reported e.g. by Sladek et al. [921).
Nevertheless, the differences in the deep defect absorption between the cw-mode and the Im-mode
are small if the chopper frequency is low. Note that the dualbeam-technique shows similar trends.
J.Z.Liu et al. [93] reported that the deep defect absorption values decrease with increasing chopper
frequencies.
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The author assumes that this behaviour is caused by a spectrally dependent response time: the
occupation of the deep defects in the Im-mode has to change between two different states
(illuminated / non-illuminated). If the chopper frequency is so high that the requested time to
change between these states is not given, the lock-in technique underestimates the true signal. If
the layer is doped, generally no differences between the lm-mode CPM spectra and the cw-mode
CPM spectra are observed.

SOEPLio) 11} avers

4.1. Thickn en d PDS

Fig.9a shows CPM spectra of undoped, annealed 2-Si:H layers as a function of the layer
thickngss. No changes in the deep defect absorption range can be detected for the chosen
thicknesses {d = 0.6 - 4Qum), except for the layer with d = 1pm (dashed line). For the thin layer
with d = 0.6pum (dots), the inference fringes can clearly be seen (limiting spectral resolution of the
measurement set-up, see appendix A1), Thick layers show little interference fringes, but the CPM
spectra are reduced to the upper part due to the uniform absorption condition { ¢d<<1) and they
are difficult to calibrate (see section 1.3.3.) - especially in the Iight-soaked state. From fig.9a and
fig.9b the anthor concludes that CPM is almost Insensitive te the layer thicknesses in the
1ange of d = 0.6 - 40um. The situation appears to be quite different for lower thicknesses: Fiorini
et al. [93] observed a pronounced increase in the CPM deep defect absorption values for d =
Q.3um and Sasaki et al. [93] for d < 0.25pm. In contrast to CPM, Favre et al. {91] observed that
PDS is very sensitive to layer thickmnesses in the range of d = 0.0] - 100um. Fig.9¢c
indicates that the PDS deep defect absorption values of undoped, annealed a-Si:H layers are
sensitive to the layer thicknesses over four orders of magnitude.

CPM: thickness PDS: thickness

103 grrmyereay L R R B 105 iy Bk B I A S

104 :— ’ -3 104 <

% 3 2.1eV -, § E ~d -0 E
i 310 o 4 giep eV 3
T ;]02;. 1.6= '-*,-v'i‘_:" '! = 102% ey, L
§0F A R 1
]m-f LlevV . e .é 1005, h._.’.’ .i
101k Tphownenetgy 4 100f 2
1026 suud v ssond vosid ()2 Evanadew vl s el o sl o3

1&2 100 102 102 100 102
d [um) d [pm]

Fig.9a: CPM spectra Fig.9b: CPM absorption Fig.9¢: PDS deep defect
Oy (A2} O samples” with values as a function of layer absorption values o, as a
different thicknesses d (see thicknesses d (details of function of layer thicknesses
fig.8b). fig.8a). d. [Favre 91)

* samples: COP1189/1, AJ606891, A300687, A290687/1, A160287/2
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It is assumed that these changes in the deep defect absorption range are cansed by some surface /
interface states - in the case of PDS [Curtins 89) as wel as in the case of CPM (Fiorini 93). In this
context, the author checked if the non-uniformly absorbed, red HeNe laser probe beam of the PDS
set-np (shown in fig.5a) inflrences the occupation of the deep defects in such & way that the PDS
technique shows thickness-dependent deep defect absorption values; it is experimentally pot found
that the probe beam infinences the PDS spectum (cf. fig.10).

PDS: cross check

Fig.10: PDS spectra @ty (A®) of an annealed, nndoped 1053. BRSNS RARY
layer {d = 2.34um), were the HeNe-laser light intensity was . 04| HeNe laser a
reduced by a factor of 2, 5 and 10. The light intensity was & detection beam
alternatively reduced after ing th le in order 2 1035’ 1" iandard E

y passing the sample in o g E T jamd 3
check the sensitivity of the position detector. The sensitiviy 8 102 I . E
limit of the position detector was reached for intensity 0f ° 1
reductions higher than 10. (sample D190393) 108:5. . ! :2

1 1.5

EfeV]
One has to conclude from this section that PDS spectra of different layers can only be compared if
their thicknesses are identical, whereas the relative CPM spectra are thickness insensitive over a
wide range and can, therefore, be compared more easily.

1.4.2. Dopants depepdency of CPM and PDS

Basically three reasons are the motivation to study slightly doped a-Si:H layers: (1) analysis of the
Fermi level dependency of CPM, (2) analysis of the degradation behaviour and (3) analysis of the
photo conduetivity. The results of two independent series of annealed, slightly doped layers will
be presented here. Deiails are given in appendix A2 (see also [Savuvain 93), [Meitler 93/2] and
[Mettler 93/3]).

Fig.11 shows the smoothed CPM spectra of the "n-type” and the "p-type” layers of series 2 which
are calibrated by PDS and transmission measnrements. The Urbach tail is indicated as a straight
line with a slope of 51meV. The 50ppm and 100ppm boron-doped layers show a change in the
Urbach tail (slope of ~72meV) and a change in the band absorption range as compared to the lower
doped layers. Similar results to those in fig.11 are reported for much higher gas dopant ratios in
published literature (see e.g. {Street 91]).

In general, a deconvolation (see chapter 3) of the absorption specira of annealed "n-type” layers
leads to the conclusion that the deep defect peak of the standard DOS (see chapter 2) is shifted
towards the valence band, whereas for annealed, "p-type” layers the deep defect peak of the
standard DOS is shifted towards the conduction band. Different intexpretations are given in the
published literature for the dopant mechanism and for these deep defect peak shifts (see e.g.
[Street 82], [Stutzmann 87), [Kocka 89] and for ref. of the defect pool model see section 2.1.1.).
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Fig.11a: smoothed CPM spectra o(hm) of
annealed, "n-type” layers, calibrated by PDS
and by transmission measurements. (Mettler
93/3]

E[eV]

Fig.11b: smoothed CPM spectra a{hwd) of
annealed, "p-type” layers, calibrated by PDS
and by transmission measurements. [Mettler
93/3]

There is no direct indication from the CPM spectra of fig. 11 whether these spectra are valid or not.
However, a comparison to the corresponding PDS spectra indicates that the deep defect absorption
values of slightly "p-type" layers - as measured by CPM - are surprisingly high. Fig.12a shows
the deep defect absorption values of both series measured by CPM and PDS where the deep defect
absorption was measured at a photon energy of 1.2¢V for "n-type” layers and at 1.3eV for "p-
type" layers. Fig.12b shows the same information schematically. As can be seen in fig.12, CPM
yields a higher deep defect absorption than PDS in the range of slightly "p-type”
layers. For higher doped "p-type” layers, for compensated layers or for "n-type" layers the deep
defect absorption values measured by PDS are larger or identical to those measured by CPM.
From these measurements one can note that CPM indicates, in a reproducible manner, higher deep
defect absorption values than PDS in the range of 2 - 10ppm B, H, doping.

For "n-type"” layers of both series, the CPM deep defect absorption valpe is
proportional to the square root of the gas depant ratio C (indicated with a straight line
in fig.12a). This square root dependency is similar (o the one discussed by Street [91] (For the
time being, the physical origin of this square-root law is unknowny.

The main motivation to carry out an extensive test of CPM measurement conditions {introduced in
section 1.2.2.) in the present study, were these annealed, slightly “p-type” layers, where the deep
defect absorption values measured by CPM are higher than the correspaonding values of PDS.
Based on this anomalous sitation, the author proceeded to measure the conductivity 6, and the
power law factar " as a function of the generation rate G for thiee anrealed layers: an undoped
one, an "n-type" one and a "p-type" layer). Details and results are presented in appendix A2.3. and
in section 1.2.2,
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Fig.12a: deep defect absorption values Fig.12b: schematical information of fig.12a.
a(1.2eV) for "n-type” layets and oi(]1.3eV)

for "p-type" layers measured by CFM and

PDS as a function of the gas dopant ratio C.

[Mettler 93/3)

Concerning the annealed "p-type" layer, one has to conclude from these conductivity
measorements that the first and the second CPM condition are not fulfilled and its
CPM spectrum therefore does mot correspond to the absorption spectrum. However, section
1.2.1b indicates that it is indeed possible to measure the "proper” CPM spectrum of the annealed
"p-type" layer if one changes the measurement sitwation to ensure that G, << 0, (sec fig.4).

Concerning the annealed, undoped and the annealed, ‘'n-type" layers, one can note that the
first and the second CPM condition are fulfilled here, and that the CPM spectrum, in
fact, corresponds to the absorption spectrom.

Is it, therefore, necessary to check the CPM measurement condition for each
layer? For practical reasons, the author proposes as a general rule 1o do this detailed check
(regarding the first and the second CPM measurement conditions) only on layers where a large
difference in the deep defect absorption values between CPM and PDS has been detected.

1.4.3. Fermi level dependency of CPM

Firstly, one may note that it is assumed here based on the so-called "standard transport model for
a-8i:H" (sec chapter 2) that the conductivity at thermal equilibrium (also called dark conductivity
©,) is related to the Fermi level position E; - in the same manner as for intrinsic, crystalline
semiconductors. One can write: @, = g, exp{-E, /(kT]).

A value of the prefactor o, = 150 is claimed to have been found for a-Si:H, both by expedments
and by theoretical transport studies [Overhof 89]. With this prefactor it is possible (o determine the
Fermi level position E of any kind of a-Si:H layers after measuting the dark conductivity G,.
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E, is the activation_energy, which is for “n-type" material E, = E,,, —E; and for "p-type"
material E, = E; - E,_, (notation see chapter 2).

Secondly, the standard CPM deconvolution approach assumes that only optical transitions to the
band of the majority charge carrier determine the CPM spectrum (see ¢.2. [Wyrsch 91)). If one
nses the standard DOS (see chapter 2), one has to conciude that CPM spectra are indeed very
sensitive to the Fermi level position E;. - in contrast to the standard PDS deconvolution approach
where "all” optical transitions defermine the PDS spectram (see e.g. [Wyrsch 92]).

Thirdly, the defect pool model (ref. see section 2.1.1.) assumes that the deep defect absorption
values depend mainly on the Fermi level position E,. Indeed, Pierz’s CPM measurements (90]
on (interstitial?) Li-doped layers have been interpreted in this way. This is in strong contrast to the
substitutional] dopant theory in a-Si:H (see [Street 82] and [Stutzmann 87]), which shows that the
deep defect density is equal to the substitutional dopant density.

Here the author will present the CPM deep defect absorption values of three independent series of
layers as a function of the dark conductivity in fig.13a and as a function of the actjvation energy in
fig.13b. “PH, series 1" corresponds to the first series of “n-type" layers and “PH, series 2"
corresponds to the second series of "n-type” layers, both introduced in section 1.4.2. In fig.13 the
“n-type” layers of these two series with the lowest dark coaductivity, ie. with the highest
activation energy are undoped. " T, series” comesponds to a series of undoped layers, where the
substrate temperature T varies between 200°C and 400°C during deposition (see [Kroll 93] and
appendix A3).

"n-type” CPM "n-type" CPM
102 e o Ty Ty 10%grrrT SUASRALAIALS MAK
H 10'5:'““&”. PH series 2 P _E = 10]:_ PH series 2 ‘_'oa_;
= R T sem-‘s . .5 2 x '-Tsseries._‘.o_-o'
- r . ] =g et .
& 0f s 1 Fwk e :
10'F - 3 10'F =
3 : |acm (@ )" mi 3 8 E | agy,, ~exe¢5TE 10-108) | E
T I P R T P P innw T
QG o o™ T 107 107 107690807 060504 0.3

S, (e E=E_,-E.[eV]

Fig.13a: CPM deep defect absorption values Fig.13b: CPM deep defect absorption values

Copy(1.2eV) for annealed, “n-type" layers as Ot ey (1.26V) for annealed, “n-type" layers as

a function of the dark conduetivity o, a function of the activation energy E,, while
using o, [(Qem)”] = 150 exp(-E, / [KT)).
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One can observe that an increase in dark conductivity (and a decrease in activation energy) is
related to an increase in deep defect absorption values. Further, one recognises that each series can
be fitted in a reasonable way (approximately by the law o(1.2eV) = (3,)"*). However, for the
two series of “n-type” layers, a substantial shift with respect to each other was abserved in
fig.13a, whereas no shift with respect to each other was observed in fig.12a (0(1.2eV) < +/C).
The " T; series” on undoped layers indicates that dark conductivity and the Fermi level position
E; are also related in a similar way to the CPM deep defect absorption values (shown in fig.13) as
they are te the slightly doped samples.

144 jon

As mentioned in the introduction 1.1., the basic aim of the present research on a-8i:H is to
determine the deep defect absorption valugs in the light-soaked, degraded state: Light soaking of
an annealed layer jeads to an increase in the deep defect absarption and te a decrease in the dark
conductivity and in the photo conductivity. There are different physical models which attempt to
explain this degradation behaviour (e.g. weak-bond to dangling-bond conversion model by
Stutzmann &t al. [87] or Street’s Hydrogen-indnced metastability model [91]), but in fact, the
precise physical and chemical mechanisms of the degradation process are not yet understood in
such a way that these degradation processes of a-Si:H could be stopped or even eliminated.

a) Selected doped layers

The results of these degradation sindies are based on four layers already introduced in section
1.4.2. (sentes 1: undoped, "n-type" and "p-type" layers). Details on the light soaking procedute
and the measured CPM spectra are given in appendix A2 4.

10 light soaking light-soaked states
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Fig.14a: "phato conductivity" ¢, (under the Fig.14b: conductivity o, and factor y* as a

ilumiration of a sodinm lamp with I, = function of the generation rate G of the tight-
500mWem™) as a function of time t soaked layer (smoothed curves). [Mettler
(averaged cw-measurement, 50Hz ac-power 93/2]

supply). [Mettler 93/3)

-19-



Fig.14a skows the "photo conductivity", as a function of time, under strong illumination by a
sodinm lamp with 1, = 500mWcm™ (averaged cw-measurement, SOHz ac-power supply). One
can recognise that no correlation exists between the first minute degradation kinetics
and the final (light-soaked) state after 1000h. Farther, one can see that even after hundreds
of hours of light exposure the photo conductivity still decreases. Note that the so-called "saturated
state” is related to an equilibrium between annealing and degradation processes, and it is,
therefore, dependent on the temperature of the layer and dependent on the intensity of the
illumination [Santos 91].

In order to measnre the CPM spectra in the final (light-soaked) state, the anthor first checked the
CPM measurement conditions {c.f. section 1.2.2,) remembering that they were not fulfilled for
these "p-type” layers in the annealed state (c.f. section 1.4.2.}. Fig.14b shows total condoctivity
and the comesponding power law factor as a function of the generation tate for the four light-
soaked layers. Whereas each of these layers showed an individual “finger print™ for this type
of measurements in the annealed state (shown in appendix A2.3.), the curves in fig. 14b look
quite identical for these layers in the light-soaked state. It seems that the dopant atoms do
not inflnence the power law factor dependency y*(G) any longer. However, fig.15 indicates that
dark conductivity is not identical for these layers in the light-soaked state and that, at least, dark
conductivity is stili influenced by the dopant atoms. Further, ohe can note that the first and the
second CPM measurement conditions are fulfilled in the light-soaked state and that,
therefore, the CPM spectra correspond now 10 the absorption spectra in the light-soaked state.
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Fig.15a: "photo conductivity" o, (deduced
from fig.14a) as a foncrion of dark
conductivity &, in the initial (annealed) and in
the final (light-soaked) state. The arrows go
from the annealed to the light-soaked state.
{Metter 53/3]

Fig.15b: CPM deep defect absorption values
Oy(1.2eV) as a function of dark
conductivity G, in the initial (annealed) and in
the final (light-soaked) state. The arrows go
from the annealed to the light-soaked state.
{Mettler 93/3)



Fig.15a shows the "phato conductivity" values (under the illumination of a sodium lamp with I, =
500mWem™, as deduced from fig.14a) as a function of dark conductivity in the initial (annealed)
and he final (light-soaked) state. The comesponding CPM deep defect absarption values as a
function of dark conductivity, in the initial (annealed) and the final (light-soaked) state, are shown
in fig.I5b. Concerning the light-soaked states one can note the following: Fig.15a indicates chat
the higher doped layers show a higher photo conductivity than the other two layers: this
observation may (at first sight) give rise to the hope that these daped layers are "better”. But
fig.15b indicates that the CPM deep defect absorption valbe of the undoped layer is
tower than the CPM deep defect absorption value of the doped layers, which indicates that the
undoped layer is "better”.

In fact, the anthor argues that the CPM deep defect ahsorption values are a hetter
indicator for the quality of the light-soaked material than photo conductivity. The photo
conductivity can be influenced by monao-molecular and bi-molecular recornbination processes (see
[Stutzmann 91) and [Brandt 91)) at these high intensities and, furthermore, it depends strongly on
the occopation of the deep defects [Shah 93). This explains that the photo conductivity of these
layers {c.f. fig.15) is not simply inversely-proportional to the deep defect density nor to the CPM
deep defect absorption valve (se¢ chapter 2).

Is it even possible to study the degradation kinetits by CPM? From the experimental point of
view the problems are that the temperature and the occupation during the light soaking process
(strong illumination) and during the CPM measurement (“dark conditions") are different.
Therefore, a long stabilisation time before measuring CPM remains necessary. Alternatively,
Santos et al. [91] introduced a fast in-sim CPM technique (detecting Oty (1.15eV) / 0, (26V))
for the study of the CPM degradation kinetics. As an even easier approach, Brand¢ and Stutzmann
[91] introduced the Constant Degradation Method CDM for the study of the degradation kinetics
where photo conductivity is kept constant during the light soaking. In fact, the author supposes
that these techniques ([Brandt 91] and [Santos 91]) are indeed more reasonable approaches to
study degradation kinetics than would be an approach invalving the analysis of photo conductvity
kinetics: photo conductivity is a "bad" monitor for the degiadation kinetics because it 15 very
sensitive to the deep defect occupation [Shah 93).

The results of this degradation stady is based on the layers of the subsirate temperatare series (" T
series™ introduced in section 1.4.2. These layers were light-soaked in the same way as the doped
layers (in section 1.4.4.a). Details on the light soaking procedure and the measured absorption
spectra are given in appendix A2.4.

Fig.16a shows the CPM and PDS deep defect absorption values of the " T, series” as a function
of dark conductivity in the initial (annealed) and the final (light-soaked) state. The arrow
corresponds to the undoped layer shown in fig.15b and goes from the annealed to the light-soaked
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state. Fig.16h shows the same information as fig.16a, but as a function of the activation energy
E,.

From these figures one can note that (here, at least) the Fermi leve! dependency of CPM in
the annealed state {discussed in section 1.4.3.) disappears in the light-soaked state (this
statement may not necessarily be generally true). Further, one can see that the undoped layer of
series 1 shows the same CPM deep defect absorption valoe as the layers of the " T, series"
whenever these layers were deposited in different deposition chambers. Finally, it has to be noted
that PDS shows, in the light-soaked state, slightly higher deep defect absorption
values than CPM (by a factor of about 2, see fig. A3 in appendix A3). Helpfl information
for further analysis of interpretation of the differences between CPM and PDS (as in the case of
annealed layers, see 1.4.1.) would be the thickness dependency of PDS spectra measured on light-
soaked layers.
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Fig.16a: CPM and PDS deep defect Fig.16b: CPM and PDS deep defect
absorption values «(1.2eV) as a function of absorption values ¢(1.2eV) in the initial
dark conductivity &, in the initial (annealed} {annealed) and the final (light-soaked) state as
and the final (light-soaked) state. The arrow a function of the activation enetrgy E,, while
goes from the annealed to the light-soaked using G, [(Q cm)-’] = 150 exp{-E, / [kT}}.
state and cormresponds 1o the undoped layer

shown in fig.15b.

4. -Si la analysed

H.N.Liu et al. [93] presented the first CPM measured on an annealed, undoped pc-Si layet and
explained the results by a multilayer approach (a-Si:H / ¢-Si). Here, CPM and PDS spectra of a
doped layer of micro-crystalline silicon (pc-Si) will be presented.

Fig.17a shows the PDS spectrum and the transmission measurements of an annealed pc-8i:B layer
("p-type”, d = 0.58pum, details see [Prasad 91]), as measured hy Prasad and the corresponding
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CPM spectrum (measured at v = 13Hz with 1, = 76pA and U = 40V in the Im-mode). Note that
the CPM current is more than 10° times lower than the dark current (T, = 101LA at U = 46V),

One recognises a difference between CPM and PDS for photon energies below 1.3¢V and
above 1.8eV, similar to the case of a-5i:H. Bot no expomential Urbach tail is observed for
this layer. Fig.17b shows the corresponding Cody-plot, indicating an optical bandgap of 1.5eV
(the Cody-plot and the optical bandgap will be introdnced in chapter 2). Fig.17¢ compares the
CPM spectrum of fig.17a with the CPM spectrum of H.N.Liu et al. [93] of an undoped ptc-Si
layer. Below a photon energy of 1.3eV several differences can be observed. However, only
further systematic measurements can decide if such spectra are helpful for the understanding of ptc-
S5i.
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Fig.17a: PDS and CPM Fig.17b: Cody-plot Fig.17¢: CPM spectrum
spectra (k) of a pc-Si:B Joiho(he) of  the O} of fig.17a

layer calibrated by measurements shown in compared to the CPM
transmission measurement. fig.17a. spectrum O, (A) of an
(sample T100890) undoped pc-5i  layer
[H.N.Liu 93].
b ion re| on diod

CPM remains one of the very few possibilities to measure the absorption spectrum on PIN diodes.
Especially for the development of solar cells it is of basic interest to have a tool which measures
the deep defect absorption values. The main goal of the following analysis is to come to a
preliminary decision on whether CPM on PIN diodes has the potential to become a nseful tool for
the determination of the deep defect absorption in the intrinsic layer of PIN diodes, as in the case
of layers. The author will analyse PIN diodes in the annealed state only, as measured under
different conditions. Based on the contradictional resnlts of CPM on sandwich-contacted PIN
diodes, the author proposes a further CPM configuration for the measurements on PIN diodes,
which is closer ta the measurements on layers.
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L15.1. Introduction

A PIN diode consists of an undoped a-8i:H layer (i-layer), which is contacted on one side by a
heavily doped "n-type” layer (n-layer) and on the other side by a heavily doped "p-type™ layer (p-
layer). Here, in the case of a thin undoped i-layer (up to 1pm), one will speak of a PIN solar
cell, and in the case of a thicker undoped i-layer, one will simply speak of a thick PIN diode.
In a more gemeral way, they will be called PIN diodes here. The following illustrations show the
different contact configurations for CPM on a layer and for CPM on a PIN diode:

contacts ST 2
a-Si:Hlayer 8135 substrate 33@1 it

W 3%%‘1‘“‘ ¥ glass substrate holder
Y% // 2070 voe —

CPM configuration for a layer CPM configuration for a PIN diode

One can see that the standard CPM configuration for measurements on a layer is coplanar-
contacted, whereas the CPM configuration for the measurements on a PIN diode is sandwich-
contacted. The coplanar-contacted standard CPM measurements of layers operate under Ohmic
conditions with an electric field of 200V/cm, whereas the sandwich-contacted PIN diodes operate
under non-Ohmic conditions wich an internal electric field of about 20°000V/em (typical built-in
potential of 1eV). The general complexity of PIN diodes is not discussed here (see e.g. [Fischer
94)). The author restricts himself here to comparing the CPM spectra of PIN diodes to the CPM
spectra of layers.

First, the author analysed the current-voltage dependency (I-V measurements) of a thin PIN diode
under reverse voltages as in the case of a layer (see section 1.3.4.). Following the notation of
section 1.3.4., fig. I8a indicates that the dark cwrrent I, does not block ideally: E_,; =]at0V (i.e it
is Ohmic-like, rather than blocking) and there is a slight decrease in £, with increasing negative
voltage. Fig.18b indicates that the total current under jllomination I, is approximately
proportional to the square root of the reverse voltage U (this means & =0.5). Therefore, neither
the dark carrent nor the total corrent under illumination can be described with the help of Ohmic
behaviour, nor with the ideal diode equation (I, o< exp[eU /7 (kT)] - 1). Fig.18¢ indicates that the
phote current 1, is voltage independent (Ideal collection: E=0).

From these measurements one can conclude that the 1-V measurements of a thin PIN diode are
different - as measured with lock-in technique (Im-mode: I, and &) or as measured with an
electrometer (cw-mode; §,, and E"). But it will be shown that the corresponding CPM spectra - as
measured in the cw-mode or in the Jm-mode - are identical for an applied voltage of OV.
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characteristics (I,(U) and
E(U)) of 3 thin PIN-diode.
(sample C220590)

characteristics (I,(U) and
E'(17)) of a thin PIN-diode
under illumination. (sample

C220590)

characteristics {(I,,(U) and
E()) of a thin PIN-diode
under illumination. (sample
C220590)

Fig.19a illustrates a typical CPM spectrum of an annealed solar cell (thin PIN diode with d =
0.7um) measured at OV. As in the case of a standard CPM spectrum on a layer one recognises a
“band absorption range”, an exponential tail absorption range and a deep defect absorption range.
No interferences are observed because the substrate (TCO) is strongly textured. Fig.19b shows
the same CPM spectrum compared to the standard CPM spectra of three annealed, undoped layers
and one annealed, very slightly boron-doped layer ("compensated” sample). One recognises that
the three undoped layers show about the same relative CPM spectra whenever they are deposited
in three different deposition systems. Further, one can see that a CPM spectrum of a
sandwich-contacted PIN with a buffer-layer is identical to the standard CPM
spectrum of a very slightly boron-doped layer ("compensated” sample).

Can this result be interpreted in a simple way? In a compensated layer electrons and holes
contribuie to the CPM current, whereas in an undoped or more strungly doped layer only the
majority charge carrier determines the CPM curtent. In a PIN diode both charge carriers also
contribute to the CPM current. It looks as if this fact determines the CPM spectrum. But is there an
indication that the CPM spectrum - as measured on PIN diodes - corresponds to the absorption

spectrum?

In order to test the reliability of such a CPM spectrum on thin PIN diodes, many different
measurements were carried out. The corresponding CPM spectra are presented in appendix A3.1.
to AS.3. The main results are the following:
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! with a buffer

o)

* Varying the applied voltage from OV to -3V leads to a slight increase in the deep defect

absorption range.

* Varying the applied voltage from OV to 0.3V leads to identical spectra.

* cw-mode and Im-mode CPM lead to identical spectra at 0V.

* avariation in the chopper frequency between 7 and 33Hz leads to identical spectra.
* CPM-like spectra and PPC ("primary photocurrent") spectra are identical.

* the "band absorption range" measured depends strongly on the CPM current.

* thin PIN diodes all show approximately identical CPM spectra (d = 0.08-0.3um).
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Fig.19a: CPM spectra 0, (h®) measured at
OV of a thin PIN diode with sandwich
configuration contacts and with a buffer layer.
{sample C220690)
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Fig.20a: CPM spectra Oicp, (htd) measured at
OV of annealed thin PIN diedes” (d = 0.7um)
with and without a buffer layer. (" samples
C060891, C090191, C220590)

CPM: thin PIN-diode

LI T Il BB B (kB L

103

¢ PIN diede

5103 (2
layers

= 102
Z 101
3 100
10+]
10-2
162

undoped
layers

Covmd ol i s vl 3yl

EJl R B R R R s R | “.-l

Fig.19b: CPM spectra ¢pm,(hy) of fig.19a
compared to different CPM spectra on layers”
(all spectra calibrated at g, (1.59¢V)=100
em™). (" samples A121090, C021091, D190393,
C1803931)

CPM: PIN-diode
108 gy
— 0 ihicknesses: K
3 10, ozum )
& 1026 x 15m k
Z 100y 1
g 100 L
101f :
10‘2;r : : .
| AP I
100‘5 1 1.5 2
E[eV]

Fig.20b: CPM spectin ¢, (700} measured at
OV of a thin and a thick PIN diode” without a
buffer layer. (" samples CO60891, BOS0G92)



Fig.20a shows CPM spectra measured at OV of an annealed, thin PIN diode (d = 0.7um) with and
without a buffer layer. One recognises a slight change in the deep defect absorption range.
Further, it can be seen in fig.20a that the CPM spectra in the "band absorption range” are split:
therefore the relative CPM spectra of PIN diodes shown here are calibrated in the Urbach tail
(Olepyy (1.59€V) = 100 cm™*). Fig.20b shows the relative CPM spectra of a thick and a thin PIN
diode without a buffer layer, as measured at OV. One can see that CPM spectra measured at
0V of two annealed PIN dlodes without a buffer layer are identical, independent
of their thicknesses (one is 0.7um thick and one is 15um thick).

Can this result be interpreted in a simple way? The fact that the CPM spectra are thickness
independent at OV could mean that they are not related to the internal electrical field. Mittiga et al.
[90] showed in their numerical analysis of CPM spectra on thin PIN diodes that the bulk
recombination can be neglected. In fact, if the bulk recombination can be neglected, CPM spectra
are thickness-independent.

In order to test the reliability of CPM on thick PIN diodes, different measurements were carried
out. The corresponding CPM spectra are presented in appendix A5.4. The main results are the
following:

P ick iodes (sandwich uration):
* Increasing the applied voltage from OV to -100V leads to a pronounced increase in the deep
defect absorption range.
* Varying the applied voltage from OV to 0.2V leads to identical spectra.
* Varying the applied voltage from 0.6V to 1V leads to identical spectra.
* The deep defect absorption values are higher for an applied voltage of 0.6V to 1V than for an
applied voltage of OV 1o 0.2V.

The origin of this bebaviour can be related to the accumulation or the depletion of charge carriers in
the i-layer and to the corresponding change in the occupation functians in the i-layer (see section
1.7).
Remarks: _

From an experimental point of view, Riibel et al. [91] found a correlation between the CPM deep
defect absorption values on thin PIN diodes and the corresponding fill factor in the anneated statc
as well as during degradation processes (light-soaking and current injection). Further, CPM deep
defect absorption values of thin PIN diodes increase in a similar way to the case of a layer (see
published results in fig.A5-5b of appendix AS5.5). From this the author concludes that the CPM
deep defect absorption value seems to be a reasonable parameter for the characterisation of a PIN
diode - independent of the thicknesses - as measured at OV, whenever the correlation between
CPM deep defect absorption values and the corresponding spin density has not been measured yet.
In the case of absorption measurements on layers, such comelations allow one 1o estimate the deep
defect density by meassring the deep defect absorption range (see chapter 3).
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However, there have been twe basic arguments against CPM on PIN diodes lately: Zhou et al.
[91] could not find an interdependence between the hydrogen content and the deep defect
absorption value measured by CPM with a bias-light. He concluded that CPM was not a nseful
tool for the characterisation of PIN diodes. But this is not an argoment against CPM on thin PIN
diodes because CPM and PDS on layers can equally show no dependency on the hydrogen content
(see [Kroll 93] and appendix A3). Mittiga et al. [90] argued that CPM on solar cells could
underestimate the deep defect absorption value by a factor 2 and he came to the same negative
conclusions about CPM on solar cells as Zhou et al. [91]. But the effect of a factor of 2 is only
valid if the optical matrix element is very large (see generation imechanisms in chapter 2).

1.5.3.C men di figuration

Here, the author will introdnce a new experimental approach which atlows one to measure the
absorption spectrum of die i-layer of a thin PIN diode in a similar way to a regular layer.

A thin PIN dicde was altematively contacted on dae top with TiAg or on the back with Al A
confignration with flat, non-textured TCO and, alternatively, withoat TCO was studied. The
following illustrations show the different contact configurations for CPM on a coplanar-contacted
PIN dicde:

F—
n-layer
i-layer
player

glass substrate
holder

BT e
10p contacts back contacts

Distances of 0.2 and 0.5mm were chosen between the contacts. The doped layers of the PIN diode
are so thin (100-200A) that the coplanar conductivity of the doped layers can be neglected.
Furthermore, the doped layers of the PIN are so highly doped that the photo conductivity of the
doped layer can also be neglected. The CPM specira, measured in the Im-mode or in the cw-mode,
should, therefore, only be determined by the i-layer.

Fig.21a shows the CPM spectra of a thin PIN diode without TCO with top contacts and with back
contacts, measured in the cw-mode with a contact gap of 0.2mm. The applied voltage and the
corresponding CPM currents are both indicated. The CPM spectra measured with coplanar,
top and back contacts are approximately identical.

Fig.21b shows, for the same sample, but with TCO, the CPM spectrum measured in the Im-mode.
Here, the contact configuration is identical to the one used for CPM measurements on layers (top
contacts: 0.5 x 8mm). This CPM spectrum is compared to the CPM spectrum of a thin undoped
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layer (shown in fig.12a). The undoped i-layers of these two samnples are approximately identical (d
= 0.6um}). These figures indicate that the CPM spectra measured with coplanar contacts
are approximately identical for vndoped layers and for PIN diodes. But these spectra
do not correspond to the CPM spectra of thin PIN diodes measured in a sandwich configuration.

CPM: thin PIN-diode
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18 e 10p contact: ; ; 104
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Fig.21a: coplanar CPM spectra ¢, (R) of
athin PIN diode with top or back contacts (no

TCO). (sample C120990)
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Fig.21b: coplanar CPM spectra 0 cp, (R0) of
fig.21a compared to CPM of a thin undoped

layer, (samples C120990, C091189)
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characteristics (I,(U) and
£.(U)) of a thin PIN-diode

characteristics (1, (U) and
E'(U)) of a thin PIN-diode

IV: thin PIN-diode (coplanar)

1m

Fig.22c: 1-V
characteristics (1,,(U) and
&) of a thin PIN-diode

with coplanar contacts. with coplanar contacts under with coplanar contacts under
(sample C120990) illumination. fllumination.

(sample C120950) (sample C120990)
In order t0 understand this result, the author analysed the current-voltage dependency (I-V
measurements) of this thin, coplanar-contacted PIN diode. Following the notation of 1.3.4,,
fig.22a indicates that the dark current I, does not block ideally: &; = 1 at 0V (Ohmic-like) and,

furthermaore, E; decreases with increasing voltage U. Fig.22b indicates that the total current under
illumjnation 1., is approximately Obmic-like for low voltages U (this means e';’ =]} and,
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furthermore, &' decreases with increasing voltage U, Fig.22¢ indicates that the photo current L,
is Ohmic-like (this means & = 1) over a wide voltage range, in strong contrast to a sandwich-
contacted PIN diode with £ = 0 (= ideal callection).

The author gives the following interpretation on these J-V measurements. The dark cument 1, of a
thin, coplanar-contacted PIN diode {fig.22a) is identical to a thin PIN diede with sandwich
contacts (fig.13a). Therefore, the coplanar part of the dark current can be neglected, whereas the
transversal part of the dark ¢urrent dominates. The thin, coplanar-contacted PIN dicde works, in
this voltage range, withoui illumination just as two diades would, one of which alternatively being
"blocked”. The following two possibilities correspond to the fromt and back comact
configurations:

dark: —*— or _k'q—

In contrast, the photo cuerent [, of a thin, copianar-contacted PIN diode (fig.22¢) is
approximately identical to 2 coplanar-contacted Jayer (Ohmic-iike, c.f. fig.7¢c). Therefore, the
coplanar part of the photo current dorninates, whereas the transversal part of the photo current can
be neglected. The thin, coplanar-contacted PIN diode can be described as an intensity-dependent
photo resistance: :

illamination: ;

A possible interpretation for the behaviour of the photo current I, is that the internal field is
screened nnder illumnination by photo generated charge carriers in the i-layer located close to the
interface of the doped layers (see section 1.7.).

Conceming CPM measurements on a coplanar-contacted PIN diode in the lm-mode, one can
understand that this spectrum corresponds to the CPM spectrum of a coplanar-contacted layer
becanse both configurations show an Ohmic behaviour under illumination (see fig.22a and fig.7¢).
Note that Vanecek [91/1] has pointed out that CPM measuremenis operate only under Ohmic
conditions in a reliable rnanner.

The author intuitively concludes that CPM spectra measured on coplanar-contacted PIN diedes are
less related to the intemna] field than CPM spectra measured on sandwich contacted PIN diodes,
and that CPM spectra measured on coplanar-contacted PIN dicdes are much closer 10 the original
CPM approach than CPM specira measured on sandwich contacted PIN diodes. However, some
further measurements are required in order to examine this approach.
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n sure ts on layers aund on P iodes

Section 1.4. presented absorption measurements on layers, whereas section 1.3, introduced
absorption measurements on PIN diodes. In contrast, this section will present CPM measurements
as a function of the measurement temperature, in the presence of a bias light and while illuminating
the sample with the pnmp beam from the front side or the back side. All these measurements are
traced ont on layers and on PIN diodes in order to compare them.

L1.6.1. Temperature dependency of CPM

It is an established practice to sindy the absorption spectrum of 2-5i:H layers at differemt
temperatures. What is reported in published literature are mainly CPM measurements at
temperatores below room temperature: Nonomura et al. [93] analysed PDS spectra at T = 77K
and found that the absorption of the substrate (Coming 7059} limits the deep defect absorption
range of PDS. Pierz et al. [87] measvred CPM spectra on doped samples at T = 100K, with the
result that the CPM deep defect absorption valnes are much lower than the corresponding PDS
valnes measored at T = 300K. Sladek et al. [93] measured CPM values of
O (A= 0.6eV) =107 cm™ at T = 77K. Stradins et al. [93] found identical CPM deep defect
absorption valves at T = 4K and ac T = 300K, but also mnch lower values ac T = 80K, The
physical meaning of the CPM deep defect absorption minimum measured at around T=80K on
annealed a-5i:H is contradictional. Checking the CPM measurement conditions (introdneed in
section 1.2.2.) remains necessary for these CPM spectra, but also for the CPM raeasurements
presented hereunder.

The anthor analysed CPM spectra measured at temperatores above room temperature. The
measurement set-up used here did not allow him ¢o determine CPM spectra at low temperatures in
a reasonable way, CPM spectra measured at high temperatures contain information about the
annealing mechanism.

a) Layers

Three layers (i.e. an nndoped, an "n-type” and a "p-type” layer) were sclected for these
measurements. Details of these measurements and all CPM spectra are presented in appendix A4.
Unfortunately, there was no possibility to calibrate the CPM spectrum of each sample in the
absolute scale with transmission measorements at different temperatures, Fig.23a shows the CPM
spectra of the nndoped, annealed sample as "calibrated” in the Urbach tail (@, (1.55eV) = 100
cm™') and fig.23b shows the same CPM spectra as "calibrated” in the deep defect absorption
range { Olepyy (1.13eV) = 0.075 cm™). Fig.232 would correspond to a decrease in the deep defect
absorption range with increasing temperatures. Fig.23b wonld correspond to a shrinkage of the
band gap with increasing temperatures and to a constant deep defect absorption range. A shrinkage
of the band gap with increasing temperatures is expected for undoped a-Si:H (see e.g. [Street 91]).
The doped samples show similar behaviour patterns but the missing, absolute calibration of these
CPM spectra prevents a detailed analysis (especially for doped samples).

-31-



105 ¢ 105,
]04:r 104’- calibrated 2t

3 103k T 105 E= 113V )

& 1025 S, 102 153550 s o
100 1oL

g 100¢- é’ lool"
10-1f 101
102 102 _

F FENEN I BRI
1033 1 1.5 2 1035 1 1.5 2
E[eV] E[eV]

Fig.23a: CPM spectra Oy, (ha) of an
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Fig.24a: CPM spectra ¢, (h®) of a thin,
sandwich-contacted PIN diode at U = 0V as
“calibrated” in the Urbach tail {tqpy, (1.59V)
= 100 em™). (sample C220650)

Fig.24b: CPM spectra 0, (hw) of a thin,
sandwich-contacted PIN diode at U = -2V as
"calibrated" in the Urbach tail (Qlgp,, (1.59¢V)
= 100 cm™'). (sample C220690)

bl A thi wich-contacted PIN diod

A thin, sandwich-contacted PIN diode was selected for chese measurements. Here, there was also
no possibility to calibrate the CPM spectrum in the absolute scaje with transmission measurements
at different temperatures. Fig.24 shows the CPM spectra of the thin, sandwich-contacted PIN
diode as "calibrated" 8t (¢, (1.59eV) = 100 cm™. Fig.24a was measured at U = OV and fig.24b
at U = -2V, Fig.24b would correspond to a decrease in the deep defect absorption range with
increasing temperatures, as in the case of a layer (fig.23a). Alternatively, the measurements at U =
-2V of fig.24b could also be "calibrated" in the deep defect absorption range (e.8. Olopy, (1.13eV)
= 0.075 em™), with the result that the situation would correspond to a shrinkage of the band gap
with increasing temperatures and to a constani deep defect absorption range, as in the case of a
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layer (fig.23b). Bat - completely surprising - the CPM spectra of the thin, sandwich-
contacted PIN diode at U = 0V shows no change in the CPM spectra with
increasing temperatures (fig.24a). This may indicate that the argument of a shrinkage of the
bandgap is not very helpful here. The missing absolate calibration also precludes a detailed
analysis here.

Ks) M measnrements wi ias light

As an additional experiment, CPM spectra have been measured by the authar with a
monochromatic bias light of 1.85eV photon energy. These measurements correspond to the dual-
bearn technique, but the photo current is kept constant here (the set-up used here operates in the
CPM-mode). The motivation to nse the dual-beam technique was mentioned in section 1.2.2. The
infloence of a bias-light on CPM and on PDS is analysed for different configurations.

Whereas the PDS spectra measured on a layer are insensitive to a bias-light (fig.25b), all CPM
spectra measored on different configurations are sensitive to a bias-light: the CPM deep defect
absorption range changes due to the bias-light in the case of an undoped layer (fig.25a), in the case
of a thin, sandwich-contacted PIN diode (fig.26a) and in the case of a thin, coplanar-contacted
PIN diode (fig.26b).

CPM with bias light PDS with bias light
105 ! LU I T 1 1.7 r T T.T 105 F LN I B R B R LI ‘| 3
R T _ 10 . 3;';’3“‘ 3
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2 101f 2 1015 , 3
S 100k & 100F >
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Fig.25a: CPM spectra O, (Atw) of the same Fig.25b: PDS spectra ¢ty (had) of the same

annealed, undoped layer measured with and annealed, nndoped layer measured with and

without a red bias light: cw-mode and Im-dual withont a red bias light. U correspond to the

beam-mode ( v = 13Hz). (sample C021091) voltage of the 100W halogen lamp. (sample
CO21091)

Basically, the origin of these changes can be caused by a change ip the deep defect ocgupation (=
different optical transitions = different absorption) or by a change in the generation-recombination

paths (see also section 1.7.3d). PDS measurements counld, in principle, help decide which
mechanism dominates. Indeed, if one could exclude that the PDS spectrum of fig.25b is
determined by sorface states, one could then conclude that the differences observed between CPM
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withont and with bias light are only caused by different recombination paths. Unfortunately, this
cannot be excluded here (i.e. one is not sure whether the PDS spectra of fig.25b are partially
influenced by surface states or not; to clarify this point, PDS measurements on a whole thickness
series would be required).

However, the author still suggests that a change in the recombination paths - which is also related
to a change in the occupation [Shah 93] - is the origin of the changes in the CPM specira: It seems
to be an experimentai fact tbat a blas-light leads to an increase in the deep defect
absorption range - independent of the sample configuration.
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Fig.26a: CPM spectra (., (h0) of a thin, Fig.26b: CPM spectra o, (A} of a thin,
sandwicb-contacted PIN diode coplanar-contacted PIN diode measured
measured with and without a red bias light. with and without a red bias light. (flat TCO}.
{textared TCO). (sample C220550) (sample C120990)
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One normally measures CPM spectra on layers by illuminating the sample from the front side
("front” CPM) with the monochromatic light of the pump beam. The author additionally measured
CPM spectra illuminating the sample from the back side ("back™ CPM) with monochromatic light.
The configurations of "front" CPM and "back" CPM are the following (for a layer).

‘ front illumination

contacts
a-Si:H layer
contacts -
a-Si:H layer LR glass substrate
glass substrate W/////I////f holder
holder back illumination

“front" CPM "back™ CPM



allavers

Four layers introduced in section 1.4.2. (series 1: undoped, “n-type" and “p-type") were chosen.
In the annealed state, no changes in the deep defect absorption range are found between "front”
and "back” CPM, also for doped samples. This result is in contrast to the prediction of Hoheisel et
al. {91] that the reflection of the contacts in the “front” CPM mode influence the deep defect
absorption range. Note that because of this “prediction”, Hoheisel et al. {91] proposed to measure
CPM in the "back" CFM mode. On the other hand, Asana et al. [93) observed changes in the deep
defect absorption range between “front” and "back™ CPM, which they interpreted as the influence
of surface states on the CPM spectrum. '

As will be shown in section 1.7.2., some differences in the deep defect absorption range between
"front" and "back" CPM could be observed, but only during the non-uniform degradation of these
samples. Tbis means, as far as the author is concerned, that a non-upiform defect
distribution (e.g. non-vniformly grown layer) may be at the origin of the differences, ohserved
here and elsewhere [Asand 93).

In contrast to the deep defect absorption range, the “band absorption range" shows a strong
variation between "front" and “back" CPM, as can be seen in fig.27a. As mentioned in 1.4.1., the
"band absorption range” is limited by the uniform absorption condition ad=~1. De Vore [56)
showed that the range of non-uniform absorption (¢td21) is in general determined by diffusion
processes and by surface recombination. A detailed analysis of these measurements observed
would, therefore, be complex.
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Fig.27a: "Front” and "back”™ CPM spectra Fig.27b: "Frant" and "back" CPM spectra
Ay (ko = 1.5 - 2.5¢V) for four L)) (R0 = 1.5 - 2.5¢V) of an
annealed, slightly doped and undoped layers annealed, thick PIN diode as a function of the
(notation identical for both graphics). (samples applied voltage U. (sample B0S0692)

C270991, C211091, C021051, C041291)
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Further, the author measured the "front” and "back" CPM spectra on a thick PIN diode as a
function of different reverse valtages U (see appendix A5.4.). The most surprising result appears
in the “band absorption range”. Fig.27b shows this range, where all CPM spectra are “calibrated”
At Oepy(1.59eV) = 100 cm™. Dlumination from the n-layer side of this PIN diode leads ¢o a
pronounced maximum at 1.7eV (corresponding to ad = 1.5), which is quite independent of the
applied voltage. Tllumination from the p-layer side also leads to a maximum at 1.7¢V but it is not
related to ad. One of the reasons for this could be that the "calibration” was wrong here. Another
reason could be instead that this variation (between “front” and "back" CPM specira) under non-
uniform illumination is related co the difference in the mobility values and in the charge carrier
collection (the author tends to favour this second explanation). However, the detection of an
exponential Urbach tail at U = -20V over 5 orders of magnitude (as found here) is
indeed surprising (see also appendix A5.4.).

The author concludes from these measurements on layers and on a thick PIN diode that “front"
and "back"” CPM spectra should in principle be identical in the degp defect absorption range and in
the exponential tail range up to ad=1. Otherwise there seem to be some problems with the CPM
technique, which may be caused by non-uniform defect distributions (e.g. non-uniformly grown
layers).

on " i L1}

As new configurations, the author analysed some "partial” diodes (i.e. a part of a PIN diode). An
i-layer was alternatively contacted by an n-layer or by a p-layer and these configurations were
coplanar-contacted, as in the case of a single layer. The two configurations used are called "n-i"
and "p-i" and look as follows: .

* front illormination * front illumination

COontacts contacts

holder
? back illumination back illumination
"n-i" configuration “p-1I" configuration

The e}ements of these configurations are identical to the elements of a PIN diode. Nevertheless,
the configurations resemble some Thin Film Transistor structures (TFT) without a Gate-electrode
and “channel effects” ray also be expected. Details of these samples are given in appendix A6.
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u “partjal” di
Fig.28a shows the calibrated CPM spectra of the “partial” diodes with two different i-layer
thicknesses. No differences can be cbserved between the two i-layer thicknesses. Some cross
check measurements are presented in appendix AS. One can recognise that the "n-i" configuration
shows higher deep defect absorption values than the "p-i" configuration.

CPM: “partial” diodes S CPM: "partial" diodes
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104 18 & o4 from
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Fig.28a: “front" CPM spectra O, (h®) of
the annealed, "n-i" and "p-i" configuration
with different i-layer thicknesses.

Fig.28b: “front" CPM spectra 0.q,,(A0) of
the annealed, "n-i" and "p-i" configuration
compared to other CPM spectra (see text).

Fig.28b compares the CPM spectra of these configurations with other CPM spectra. It can be seen
that the CPM spectra of these configurations are not related to the CPM spectra of a sandwich-
contacted PIN diode measured a1 U = OV. But it can be found that the CPM spectrum of the “'n-i"
confignration is almost identical to the CPM spectrum of a slightly “n-type" layer
(1ppm PH,). Further, the CPM spectrum of the "p-i” configuration is also almost
identical to the CPM spectrum of a slightly "p-type" layer (1ppm B,H,). Before
proceeding to analyse these results, the author proposes to present the results of inhomogeneous

degradation experiments.
.1.2. Inhom s ati

As anext siep, the inhomogeneous degradation behaviour of these "n-i" and "p-i” configurations
will be stadied. As a cross check, an "n-type” layer and an undoped layer were also degraded with
the same precedure. The samples were degraded from the back side successively with blue,
green, orange and red light of a filtered 100W halogen lamp (48 hours for each wavelength). The
corresponding CPM spectra were measured between each change in the wavelength in the "front"
CPM mode as well as in the "back" CPM mede. The following illustration shows the

inhompgeneocus degradation cycle:
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CPM CPM

armealed blue g'reen orange red

The "inhomogencous degradation cycle”
a) Layers

Fig.29a shows the "front” and "back" CPM deep defect absorption values of an “n-type™ and an
undoped layer as a function of the inthomogeneous degradation cycles. One can recognise a
pronounced difference between “front” and "back” CPM after the blue degradation. After the red
degradation the differences between "front” and “back” CPM have disappeared. This confirms that
a non-uniform defect distribution can indeed be the origin for differences between “front”
and "back" CPM spectra (discussed in section 1.6.3.).

Further, one can see in fig.29a that the “n-type” sample shows a lower relative change in the deep
defect absorption values than the undoped sample. But the absolute deep defect absorption values
of the "n-type" layer are higher before and after this degradation procedure than that of the
undoped layer. This result corresponds to the degradation behaviour of these samples with a
sodium lamp {¢.f. fig.15b and discussion in section 1.4.4.a).

CPM on ]ayer CPM on "partial" diode
10 p————1 10— 1 3
k4 Tt e ] 5 k
% Ppm n-type - % 10 'n-i -
Bl /ﬁ“;’“‘ 3 T
F 7o’ ot cPy T o —fron(CPM
g 100 - back CPM. Bblo-r back CPM
- I W é-'— 5

5§ 5 g g B 5 E B

Fig.29a: “front" and “back” CPM deep defect Fig.29b: "fromt" and "back" CPM deep defect
absorption values Oy, (1.2eV) of an “n- absorption values O.q,(1.2eV) of “n-i" and
type" and an undoped layer as a function of “p-1" configurations as a function of the

the inhomogeneous degradation cycle (see inhomogeneous degradation cycle (see text).
text).
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Fig.29b shows the "front” and "back” CPM deep defect absorption values of "n-i" and "p-i”
configurations as a function of the inhomogeneous degradation cycle. One can recognise a slight
difference between "front" and "hack" CPM after the blue degradation. After the red degradation,
these differences have also disappeared. The “n-i** configuration shows no important
increase in the CPM deep defect absorption value - in contrast to the “n-type” layer in
fig.29a. The "p-i" configuration shows a similar increase in the CPM deep defect absorption value
as the nndoped layer in fig.2%a.

L7.3. Interpretations

The author will present a very simple picture, which can explain in a qualitative way some results
observed on “partial” diodes and on coplanar-contacted PIN diodes.

An i-layer om top of a heavily doped layer is expected to act as a diode here. However, a diode is
usually contacted in a sandwich configuration. The way of contacting the samples presented here
leads, therefore, to something like a "transversally contacted diode”. Because the doped layers are
very thin, one can expect the doped layers to be depleted (fixed atomic space charge of the
dopants). The corresponding charge carriers (electrons in the case of the “n-i" configuration and
holes in the case of the "p-i" configuration) can diffuse into the i-layer as driven by the internal
field of the diode. The expected behaviour can be shown as follows:

n-layer | i-layer player | i-layer

alomic  gleceron atomic 1,
Space  ,ccumnlation SPact  aocumulation
charge charge

"n-i" configuration ' “p-i* configuration

In this picture, the CPM spectra of the "n-i" ("p-i") configuration is measured in the bulk of the
undoped i-layer, which is accomulated by the electrons (holes) of the doped layers. These
electrons (holes) act as majority charge carriers of the CFM current. At the same time, these
electrons (holes) change the occupation of the deep defects and the optical transition behaviour,
both of which can influence the CPM spectrum. In this picture the CPM specira measured
on these "partial” diodes are determined by the accumulation of electrons or of
holes in the i-layer. It is assumed here that a change in the cccupation leads to a change in the
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recombination paths in such a way that the CPM spectra cbange. Note that the author argued in the
same way for the case of dnal beam-CPM spectra (see section 1.6.2.).

Nate: Hoheisel et al. [91] observed an increase in the CPM deep defect absorption values while
using 8 heavily doped n-layer between the coplanar metal contacts and the undoped i-layer. This
behaviour may also be understood in terms of the picture proposed for the "partial diodes": the n-
layers of the contacts lead to an accumulation of electrons in the bulk material between the
contacis.

b anar-contacted i

This simple picture can also explain why the accumulation of electrons and holes is much less
prononnced in the case of thin, coplanar-contacted PIN diodes:

n-layer i-layer p-layer n-layer t-layer p-layer
+ - +h|- + - +h -
+ - +b | - + [ +h - -
+ - +h |- + < th -
+ - + -

: > x - x
atomic atomic 2;20 atomic
space space ace
charge cEarge charge gargc

PIN configuration A PIN configuration B

In a PIN diode the internal electrical field is large, Therefore, the accumulation of electrons and
holes is located close to the interface (PIN configuration A). This could explain that the CPM
spectrum of a coplanar-contacted PIN diode is identical to the CPM spectrum of an undoped layer.
Altematively, the accumulation of electrons counld also be compensated by the accumulation of
holes (PIN configuration B) in such a way that the i-layer Jooks undoped.

) Limits of this simple pi

It is clear that an aceumulation of charge carders influences the Fermi level position E (at thermal
equilibrium). In this sense, CPM spectra are expected to be sensitive to the Fermi level position

E;. Instead of an accumnulation of charge carriers in the i-layer, a contamination by dopant atoms
in the i-layer might also be possible, but would influence the Fermi leve) position Ej. (at thermal

equilibrium) in a similar way.

However, this simple picture cannot explain why the “n-i* configuration does not degrade ander
light-soaking (fig.29b) and also why the conductivity dependency &, (G) of both "partial” diodes
in the annealed state (fig.A6-3 in appendix A6) looks similar to the conductivity dependency
6,,(G) of strongly light-soaked layers (fig.14b).
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d s material wj d t at:

The experimental part of this study ends here. The following, theoretical and numerical paris
(chapter 2 and chapter 3) are based on a homogenequs material without dopant atoms and effects
of charge carrier accumulation are neglected in principle. It will generally be assumed that the
material is neutral. But for some specific cases, the Fermi level position E, will be taken as a free
parameter - with the result that the charge neutrality is hurt for a given DOS. In a centain sense,
these specific cases correspond to the accumulation of charge carriers (or to a contamination by
dopant atoms).

One of the questions to be answered will be whether the measured absorptlon spectra corresponds
to the absorption spectra at thermal equilibrivm. Even for a homogeneous jnat
toms the author sees two main sltuations which can cause problems:

situation (1): different optical transitions:
absorption spectrum at thermal equilibrium =
absorprion spectrun at steady-state equilibrium =
measured spectrum

siteation (2): itivity to the generation - iftati 5:
absarption spectrum at thermal equilibrium =
absorption spectrum at steady-state equilibrium #
measured spectrum

Simation (1} corresponds to the influence of the pumnp beam and can in principle be present for any
absorption measurernent techniques (here: CPM, dualbeam technique or PDS), whercas sitation
(2) is related to absorption measurement techniques which detect a photo current (here: CPM and
dualbearn technique).

In chapter 2 the model of a-Si:H for a nurnerical analysis will be presented and the generation-
recombination mechanisms for sub-band-gap illumination will be discussed, whereas in chapter 3
a pumerical analysis of CPM and PDS will be presented and discussed. It will be found (for the
case of a homogeneous material without dopant atoms) that PDS is not touched by cthese two
situations (1 and 2) and detects the absorption spectrum, whereas CPM can quite simply
correspond to situation (2) - corresponding to the violation of the CPM measurement ¢onditions
introduced in section 1.2. It is evident that these results will be related to the a-Si:H model used.

-4] -



2. Analytical stndies and definitions for nnmerical calculations

The main goal of this chapter is to introduce the elements for the nnmerical calculations of
conductivity and of absorption at thermal equilibrium as well as of conductivity and generation rate
at the steady-state equilibrinm. This will lead to the numerical analysis of CPM and PDS in chapter
3. Furthet, some important questions pertaining to the analytical analysis of a-Si:H will be
discussed here,

e a ity o t
In this section the standard density of states (DOS) of amorphous hydrogenated silicon (a-Si:H) is

introduced, since it will be used in the following study. It consists of a parebolic conduction band
(CB)} and a parabolic valence band (VB), an exponential conduction band tail (CBT), an
exponential valence band tail (VBT) and one Gaussian-shaped defect peak. These deep defects are
usnally called "dangling bonds” (DB) in amorphous semiconductors. The parabolic bands (in the
DOS) are described by effective DOS masses, which are helpful parameters to define the band
bending. The connection between the parabolic bands and the exponential tails is discussed
explicitly, and some new conditions for this connection are propdsed.

2..1. General remarks

The following analysis is based on the standard DOS of a-Si:H (see e.g. [Overhof 91)). However,
some more complex DOS models exist, as e.g. the defect pool model, which contains several
peaks of deep defects with a finite correlation energy (see e.g. [Bar-Yam 86), [Smith 89], [Winer
90}, [Schumm 93)). In order to analyse CFM and PDS, not oaly the deep defects, but also the tail
states are of importance. Concerning the tail states in a-Si:H, Street [91] writes: "The precise
relation between the structural disorder and the band tail shape remains unclear.” In the standard
DOS model of a-Si:H - used bere - the exponential tails are part of the DOS.

Fig.]1 shows a general picture of the standard DDS of a-Si:H in the logarithmic scale: one
recognises the parabolic conduction band (CB) and the parabolic valence band (VB), the
exponential conduction band tail (CBT) and the expenential valence band tail (VBT) and the
Gaussian peak of the deep defects ("dangling bonds” DB). So far, the mobility gap as well as the
connection between the band states and the band tail states hias not been discussed very clearly in
published literature (see e.g. [Cody 84)). Pig.2 shaws the standard DDS of a-Si:H in the linear
scale where the {optical) bandgap is indicated. The different elements of the standard DOS will be
introduced in the following sections and are shaown in fig.1l and fig.2; their mathematical
formulations are given in appendix B1.
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Fig.1: the standard DOS of a-Si:H in the Fig.2: the standard DOS of a-Si:H in the
logarithmic scale. linear scale.

. The li duction and valence

Describing the conduction band and the valence band of amorphous semiconductors by parabolic
bands is quite established. In order to describe the bending of these parabolic bands, the author
suggests using the effective DOS masses because, when parabolic bands are used, the effective
DOS masses are defined a priori. The advantage is that a comparison o the case of crystalline
semiconductors is possible although the parabolic band approach in crystalline semiconductors is
only valid near the band edges and although the general theoretical meaning of effective masses in
amorphous semiconductors is still a topic of research [Kivelson 79). A further advantage of these
effective DOS masses in amorphous semiconductors is that asymmetrical bands can be studied in a
simple way. In order to describe the conduction and the valence bands the author has followed the
terminology of crystalline semiconductor physics (see e.g. [Kireev 75]):

The DOS of the parabolic conduction band N (E) and the DOS of the parabolic valence band
Nz (E) have the same parabolic behaviour as the 0OS of the free electrons N(E). But the electron

rest mass m, is replaced by the so-called gffective DOS mass for electrons 11, in che conduction
band and for holes 1:T:|; in the valence band (not to be confounded with the effective transport mass
or the effective cyclotron mass also present in crystalline semiconductor physics). The bandgap is
defined a5 E, = E ~ Ey. In the case of amorphous semiconductors it corresponds to the so-called
"optical bandgap” E;™. E is the edge of the parabolic conduction band and Ey is the edge of the
parabolic valence band as shown in fig.2. N} and N}, control the bending of the parabolas (c.f.
appendix B1), In this sense, one may call N2 and NY the bending parameters of the parabolic
bands. The bending parameter jis a function of the effective DOS mass and vice versa.
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.1 e ex jal conductjion and vale: tail

The DOS of the exponential conduction band tail N, (E) and the DOS of the exponential valence
band tail N, (E) are determined by the characteristic tail slopes E{. and EY. The point (E¥,
NZ') of the CBT and the point (EY", N%') are the connection points where the exponential tails
are connected 1o the parabolic bands (see fig.2). The author suggests here that the slope of the
parabolic band and the exponential tail should be identical at the connection points. This condition
is, at least for the valence band, supported by absorption measurements, where so far ne
discontinuity has been observed between the band absorption range and the Urhach tail range.
Together with this second condition, the connection point can be expressed in terms of the
characteristic tail slope and the bending parameters, The DOS of the exponential valence band tail
N g (E) and the DOS of the exponential conduction band tail N, (E) can then be expressed in
terms of the characteristic tail slopes (E2 and ES) and the bending parameters of the parabolic
bands (N and NY).

The DOS of the conduction band N g,y (E) and the DOS of the valence band Ny vy (E) are
either parabolic or exponential, depending on the energy (see fig.2). Hereafter, these states will

also be called (delocalised) band states and (localised) band tajl states (c.f. section 2.2.2.).
2.1, The dangling bond pesk

In the standard DOS model, the deep defects (dangling bonds) are distributed in the form of a
Gaussian curve. This deep defect peak Ny, (E) is defined by the total (intcgrated) density of
defects Np;, by the middle energy of this peak E,, and by the half-width of this peak W ;.
Other functions have also been proposed in order to describe this peak (e.g. Lorentz-functions).
Other DOS models of amorphous silicon use two independent (donor-like and acceptor-like) defect
peaks. Here it is assumed that these deep defects correspond to dangling bond defects with a finite
correlation energy U, which have three possible electron states: non-occupied, single-occupied or
double-occupied.

This section introduces the standard ransport model of amorphous hydrogenated silicon (a-5i:H),
which will be used hereafter. Further, the mobility gap and the effective DOS are introduced and
defined. Finally, it has been found that the charge neutrality of the dangling bonds is only fulfilled
if the Fermi level is located at B, =E; +U /2.

2.2.1, Taroduction
The two basic ransport mechanisms in amorphous semiconductors are multiple trapping and
hopping. The overview below shows, on the left, the puitiple trapping pechanjsm of an electron
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in an electrical field: the localised (immobile} electron can be emitted into a delocalised (mobile)
state above a mobility edge (defined in section 2.2.2.). In a delocalised state, the electron can move
in the electrical field until it is captured by another localised state. Note that the mobility edge is
neither necessarily identical to the band edge (E.or E, ) nor necessarily identical to the connection
points (E&" or E="). For electrons at thermal equilibrium, the localised states above the Fermi
level E act as trapping states and below as recombination states (vice versa for holes at thermal
equilibrium). The concept of the mobility edge is typical for amorphous semiconductors (see [Mott
797).

The overview below shows, on the right, the hopping trapspont mechanigm for electrons. The
electrons jump from one localised state to another localised state (tunnelling). The energy of the
electron is always lower than the mobility edge energy. By symmetry, one finds the same sirvation
for holes, as shown for electrons in the figure below.

el
| | mobility edge
— } } localised { -_
o states < -z
electron electron
——P  clectrical field _—
and .
multiple trapping position hopping

Overview: multiple trapping and hopping transport mechanism.

The mechanism which dominates in amorphous semiconductors has led to a controversy. Mott and
Davis [79] assume that at room temperature the multiple trapping mechanism is valid for both
charge carriers, whereas at low temperature the hopping mechanism is valid for both charge
carriers. Qverhof and Thomas [89] as well as Thomas [93] predict that at room temperature the
electrons follow the multiple trapping mechanism, whereas the holes follow the hopping
mechanism: in this theory the slope of the exponential tails is the parameter which allows to
distinguish between the two mechanisms. As a third possibility, Kosarev [93] thinks that even at
room temperature the hopping mechanism is domimant for both charge carriers.

Conductivity at thermal equilibrium is only defined for Ohmic conditions. In the case of carrier

injection, of asymmetrical illurnination, of diffusion processes or of any kind of ttme-dependent
currents, the classical form of Ohm's law is violated. The Chmic conductivity in amorphous
semiconductors is assumed here to have the same structure as in a classical, non-degenerated
crystalline semiconductor & =e{u,n +u,p}.
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In the case of multiple trapping, n and p are the gharge carrier densities in the bands ontside the
mobility gap and p, and p, are the average mobilities at the mobility edges. In the case of
bopping, n and p are the charge carrier densities at the average hopping energy ("hopping edge"),
with the average hopping mobilities at the average hopping energy (Thomas 93).

At room temperatuze the experimentally deduced mobilities (at the mobility edges) of 8-Si:H are
some orders of magnitude lower than in ¢-Si, e.g. approx. u, = 10 ¢m®/(Vs) and p, = 1
em? 7 (Vs) [Vaillant $6).

This asymmetry can have many origins, but is not surprising considering the asymmetry of the
exponential tails or even considering some asymmetrical parabolic bands - as in a crystalline
semiconductor. But ¢his asymmetry is not supported by the disorder theory of amorphous
materials [Anderson 75) where a full symmetry of the conduction and valence band DOS, of the
mobilities at the mobility edges and of the charge carrier masses {1/, =, = m,) is predicted
{Thomas 93]. The low mobility values are assumed to be caused by the disorder in the amorphous
structure, in strong contrast to crystalline semiconductor physics.

In this study, which is restricted to room temperature, the multiple trapping mechanigm is assumed
to be present and dominant for both charge carriers. The different elernents of the conductivity are
introdneed in the following sections and are shown in fig.3 and fig.4; the mathematical
formmiations are given in appendix B2.

222, i the conductivi

The DOS introduced in 2.1. can be split into three parts: above the mobility edge of the conduction
bapd E_,.,. the electron states are delocalised and the corresponding charge carxiers (density n)
contribute to the current with a finite mobitity p_ > 0. Below the mobility edge of the valence band
E. .- the hale states are also delocalised and the corresponding charge carriers (density p) also
contribnte to the current with a finite mobility W, > 0. Thus, the conductivity is given as
G = e{tl,ﬂ + uhp}. The mobilities are assumed to be constant for the delocalised chaige carriers.
The energy difference in the two mobility edges is called mobility gap E’;‘"" =B e ~ Evane-
Within the mobility gap, the mobility of both charge carriers is assumed to be zero (i, =y, =0}
because these states are localised and becavse hopping is neglected.

The mobility edge of the conduction band is defined to be relative Lo the origin of the parabolic
conduction band as E,,, = E. +¢,. The mobility edge of the valence band is defined to be
relative to the origin of the parabolic valence band as By, = E, —€,. The parameters &_ and €,
are called threshold energjes here. Thus, the difference between the mobility gap and the optical
bandgap is given as Ef” -E» =¢_+¢,.

The DOS at the mobility edges are noted as N, and N,,. The DOS of the delocalised

conduction band states arenotcdas NC(E)andﬁleDOSofthemmm.ﬁendmgﬂmmms
as N (E). The DOS of the delocalised es are noted as N {E) and the DOS of the




Ipcalised valence band tail states as N, (E}. The deep defect states with N ,(E) are assumed to be
always localised. In the approach studied here, the mability edges can be different from the
connection points of the DOS, which distinguish between parsbolic band states and the exponential
tail states.

it is assumed here that the threshold energies (¢, ¢,) and the mobilities (., w,) are each
identical in the case of thermal eqguilibrinm conductivity and in the case of steady-state
conductivity.

DOS DOS
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Fig.3: notations for the mobility gap in the Fig.4: notations for the mobility gap in the
DOS (ogarithmic scale). DOS (linear scale).

2.2.3. The conductivity at thermal equilibrinm

The conductivity is given as o= e{j.len + uhp}‘ At thermal eqnilibrium, the charge carrier
densities n and p are determined by the Fermi function f(E). If the threshold energies (€, ¢,) are
positive, the charge carrier densities are proportional to the effective DOS N | and N, which
are related to the parameters of the parabolic bands in a simple way. The corresponding equations
are shown in appendix B4. For the numerical calculations the charge carrier densities at thermal
equilibrium are calculated by the approach shown in approach B2.

224, harge neutralj ujlibrium

The total charge density Q,,,(E,;) of 2 given DOS at thermal equilibriem is only a function of the
Fermi level E,. The combination of the standard DOS with the mobility gap leads to six partial
charge densities:

QW{EF)=p+pl+N;B_n_nI_NI-)B
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n and p are the gharge carrier densities of the deJocalised band states, n, and p, are the charge
densities of the localised band tail states, N, and Ny, are the charged dangling bond densities.
The charge densities of the lgcalised band tail states (n, and p,) are calculated by the Fermi
function f(E) here. The charge densities of the dangling bonds are calculated by the occupation
functions £*(E), f°(E) and £~(E), which were introduced by Schweitzer et al, {81] for the case

of thermal equilibrium. The author would like to pomt out that the charge neutrality of the dangling
bonds is fulfilled only if
Ngs =Ngg & f(E)={"(E) = E=E,,+U/2

This means that the position E; of the dangling bond peak and the comresponding finite
correlation energy U determine the Fermi level E, (details see appentlix B5). If the charge
nentrality of the dangling bonds is fulfilled, the total charge density is determined by the charge in
the exponential valence band tail: Q,,(E.) = p,. On tbe other hand, if the charge nentrality of the
dangling bonds is not fulfilled, the total charge density can be larger by several orders of
magnitide (details see appendix B5).

On the one hand, the Fermi level E, is assumed to be a free parameter in published Literature's
discussion of the dangling bond occupation functions (see e.g. [Adler 76)} as well as in the
analysis of the standard DOS occupatio:i at thermal equilibrinm (see e.g. [Wyrsch 92], [Favre
94/1)). On the other hand, the total charge density Q,, has to be zero from the physical point of
view, If this is not the case, it intlicates that the standard DOS model is incomplete. In fact, a lotof
impurities, which imay act as dopants, are present in "undoped” a-Si:H (see e.g. [Kroll 93]). The
case of charge carrier accumulation is tiscussed in section 1.7.3., corresponding to an
inhomogeneous sitwation. However, the author has kept the standard DOS as simple as possible
(no adtitional dopant peaks; homogeneous material withoot dopant atoms).

2.3, Tbe absorption

This section introduces the gbsorption concept based on the joint density of states (JDOS). Here,
the case is studied where localised-to-localised state transitions are suppressed. This leads to
several new aspects for the determination of the optical bandgap. For the case of defects with a
finite correlation energy (dangling bonds), the equivalence of the one-peak picture and the two-
peak picture is shown. Further, it has been found that the transitions pertaining to the charged
dangling bood states have to be multiplied by a factor of 2, while using their sccupation functions.

23 ducti
The absorption a(hm) of a photon e leads to a change in the quanium mechanical electron state.

In terms of the momentum operator P or of the tlipole operator R one can write (see e.g. {Ley
84]):



o) 33, P 3(E,~E,-re)  witn P=Z[HR]
i
(E; energy of the occupied electron states; E; energy of the non-occupied electron states)

In amorphons material, the absorption coefficient a{he) is then given in terms of the joint density
of states (JDOS) J(ho) (see e.g. [Jackson 85]):

. 2n) e 1

o(hw) = C, o R* J(heo =28 e 1

(hw)=C, (ho) with ©, n, k<, 3p,
P’ : i

or a(hm)=C, ™ Jhw) with C, =C, m—:

with J(#0) = [N (E)N,,, (E+ho)dE < Y Y §(E, - E; - o)

R, is the refraction index, p, is the atomic density and e’ / fic, = 1/137 is the fine structure
constant. Because of different transitions, the proportional factors C, and C, are different in the
case of ¢-5i [Jackson 85). N (E) corresponds to the occupied electron states and N, (E) to the
non-occupied electron states.

‘Which of the two optical matrix elements should be assumed to be constant in energy? Tauc et al.
[66) suggested to fix the average square momentum matrix element P?, whereas Cody [84) and
Jackson et al. [85] proposed to set the average square dipole matrix element R*. As long as no
reasonable microscopic model exists, which can explain the absorption physics of a-Si:H, one may
use either of them. But if for any reason the effective DOS masses, which describe the bending of
the parabolic bands, act in a-Si:H in a similar way to crystalline semicondoctors, these effective
DOS masses have to be introduced into the proportional factor C,. Due to this uncertainty, the
anthor will use the average square dipole matrix element R* and the properticenal factor C,
hereafter. The different elements of the absorption will be introduced in the following sections,
their mathematical formulations are given in appendix B2.

The mobility edges E,., and E,, split the DOS into three regions with "alternatively”
delocalised or localised states. Depending on the photon energy A, four different transition types
are possible, here called A, B, C, D:

transition A: delocalised valence band state N, (E} -> delocalised conduction band state N.(E)
transition B: delocalised valence band state N, (E) -> localised state
transition C: localised state > delocalised conduction band state N (E}
transition D: localised state -> localised state
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Each of these transitions increases the energy of an electron by the energy of one photon (direction
of the arrows). Jackson et al. {85] have shown that transitions A, B and C have the same
probability in 2-3i:H. Hereafter, the author wili drop tramsition D, because it can be
assumed that localised-to-localised transitions are much less prohable than the other
transition types. Further, it is assumed that the charge carrier densities (n and p} are much smaller
than the DOS of the delocalised conduction and valence bands ( N.(E) and N, (E)).

The following picture shows these transition types:

delocalised localised delocalised

In this section, only the parabolic bands Nz(E) and N,,(E) are assumed to be present, which
are each split into delocalised states (N.(E), N, (E)) and localised states (N_(E), N (E}), as
sbown in fig.5.

If the optical bandgap is equal to the mobility gap {1-3:"t =E:“’" with g =¢,=0), only the
transitions of type A are possible and the JDOS J{(Aiw) is given as:

"

Irw) =1, (A} = TdE N, {E) N.(E + hw} = N2 N} 2

Ee-hor

(E¥ - ho)*

In this case, the JDOS J(%) is proportional to the square of the dilference between the optical
bandgap and the photon energy: J(Am) << (E;"" — Aw)*. For a crystalline semiconductor with an
indirect bandgap one gets the same dependency when replacing the photon energy by either the
sum of the photon energy and the phonon energy or their difference [Kireev 75].

With an experimental measurement of the absorption spectrum o{hw), the optical bandgap E
can then be determined with the help of z4(A®) = Jako)/ fin:

2,(h0) < EY -k and B =ha & z(Aw)=0

z,(R®) is calied the Cody-plot in the case of a-5i:H [Cody 84]. If the mobility gap is Jarger than
the optical bandgap (E:"" >EF' ) and if the optical matrix elements of ali transitions A, B, C and
D are equal, one gets the same result for the JDOS ¥{Aw) and z,(Aw).

In contrast, the author points out that, if the mobtlity gap is larger than the optical bandgap
(EF™ > E{™) but the transitions D are suppressed (se¢ fig.5), the band absorption is proportional
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to the square of the difference between the optical bandgap and the photon energy only for
ho 2 E™:

o(hw) o= (B - ho)® for ko 2 E;™
Zo(hd) o B = A for Aw 2 E;™

The energy E, with 2,(%w) =0 does not correspond in this case to the optical bandgap E (see
fig.6). But the measured curve z,(hw) with hw 2 B;‘”" can be extrapolated in order to determine
the optical bandgap E¥, as shown in fig.6.

DOS
Ellir TF T T T I T T TT T 1T T T T Ty T T TTTT
vE) |NW(E) N(E) | Ne(®) Eo : :
:\ — transitions A+B +C
3 f A 4 - extrapolation
=~ F B 2 (= transitions :
W t = [ A+B+C+D):
g b [S== > ar : i 4
z f_ .................. . S:—
3 Egmob 2
; \Egoptl L : :
AR ERARL I FENEEEY REE AEE, Dleidor ¥ et 11010l
Ecmer Ec Ev Ecmob Egort Eg* Egmeb  E fan]
E [an.]

Fig.5: the two parabolic bands in the linear Fig.6: function z,(h®) and transitions A, B
scale and transitions A, B, C and D for a and C for a specific case.
specific situation.

2.3.4. The iransitions of the dangling bopds

For a defect with a finite comrelation energy, four transitions of types B and C are possible,
whereas for-a defect without a finite correlation energy, two transitions of types B and C are
possible only. In the case of dangling bond defects with one (Gaussian) DOS peak N (E) at
E. it is usual to use a (wo-peak picture in order o describe the following four transitions
[Okamoto 77] and the comresponding chemical reactions:

D—CB: VB D.
peak D¥* at By, with Npy(E): D°+ho—>D*+e D*+ho—D’+h

peak D" at E+U  with Np(E-U): D +hw—D°+e D°+hw—D +h
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Transition: two-peak picture: - icthure;

D° - CB: - sl

B, B0 B E4U Eg
19 (hw) = TdE Npg (E) N(E + hiey)

Ec-ho>Eg-U

VB = D*:

[
BB B U E
Ey-+ha

I*(hw)=2 [dE Nog(E) Ny(E - he)
Er

D" > CB: g D
E, EU Ef EoU E Ey EU E EcU
Ep-U
1 (ho) =2 TcIE Npp(E-UIN(E+h}=2  [dE Ny (E) N(E + A+ U)
S Eg-Ma-U

D¢

VB - D%

By FU B U B EU

=)
Exy+Ae<Ep+ Ey+hon-U<Ep
IP(he)=  [dENg(E-U)N,(E-hw)=  [dE Ny (E) Ny (E-f+U)
Ep Fg-U

Overview 1: two-peak picture and one-peak picture (equations for T=0K).

The advantage of the one-peak picture, which is proposed hereafter, is obvious when ong uses the
occupation functions of the dangling bonds:

Npo(B)=f*(E) Npu(E) N3, (E)=f"E) Ngp(E) Niy(E) = (E) Ny, (E)

Overview 1 shows the one-peak picture and the two-peak picture. The JDOS values of the four
possible transitions are independent of these two pictures and are presented in overview | for the
case of T=0K at thermal equilibrivm, where the dangling bond occupation functions turn out to be
step functions, The first two ransitions are mdependent of the picture chosen, whereas the secand
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two transitions depend on it: in the two-peak picture, the defect peak is shifted by the finite
cotrelation energy, whereas in the one-peak picture, it is not the defect peak which is shifted, but
the border of the bands.

Note that the joint DOS of the charged dangling bonds J¥*{h®) and J¥*(hw) have to be multiplied
by a factor of 2 because the occupation functions of the dangling bonds £*(E), f°(E)and f™(E)
vary only between 0 and I (probability), but the dangling bond defects are occupied by 0, 1 or 2
electrons (see overview 1). In poblished literatore, this factor 2 has been omitted
erroneonsly so far in the determination of the absorption.

2.3.5. The absorption of the standard DOS
In the case of the standard DOS (introduced in section 2.1.), while taking into account a mobility
gap (introduced in section 2.2.), the absorption coefficient a(fw) is given as

o(hw)=C, ho R? J(hw) with I(hw) = EJ"(M))
ijeve
DOS absorption
BTOTTT R TTT AT T T TTTTTTTTTTTTRTITTTT IS
3 transitions /’ i
- S 3 4
F L VC(Q)
—_ B ]
3 F Vo il i Cv(5) = g
= . vy % " : i 1
g L L Ve  id o
§ i V+ (6) CO;:;; ; ;;?E
z 1 Swo Sraa — ]
r <30 i ; 3
01 iby el tgariling Lt Juiteged]
Ecmob E [au] Ecmob E [an] Egmob
Fig.7: the standard DDS with the transitions Fig.8: a possible absorption spectram at
which are taken into account for the numerical thermal equilibrium corresponding to the
calculations. transittons of fig.7.

There are nine partial joint DOS to be taken into account; they correspond to transitions of types A,
B and C. The localised-to-localised transitions of type D are suppressed. Fig.7 shows these
transitions and the corresponding notation ("V" and "C" correspond to delocalised band states, "v"
and "c” to localised band tail states and "+", "0", "-" to the dangling bond states). Fig.8 shows the
corresponting absorption spectrum where the suppressed transition “ve” {10) is indicated by a
dashed line. The transitions “Vv" or "Cc" can dominate the deep defect absorption range in the
case where the Fermi level E, is close to one of the mobility edges. The equations of the partial
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joint DOS for the numerical calenlations are shown in appendix B2.4. These partial joint DOS are
defined in the same way at steady-state equilibrium, only the occupation functions themselves
change.

This section introduces the statistics at steady-state equilibrinm. For a defect with a finite
correlation energy {dangling bonds), "recotnbination” levels are introduced, between which the
occupation is energy independent. Further, the total generation rate is introduced and analysed in
the case of sub-bandgap illumination, while intreducing “generation” levels. Finally, the rate
equations are analysed in terms of generation rates, thermal emission rates and recombination
rates.

At steady-state equilibrinm, the rate equation of the conduction band is zero {9n / 3t = 0), as well
as the rate equation of the valence band ( dp / 9t = 0}. In this section, it is also assumed that any
transition from localised-to-lacalised states can be neglected. Thus, the occupation functions at
steady-state equilibrium can be expressed ina simple way.

The statistics of one defect level in crystalline semiconductors have been developed by Shockley
and Read [52). These statistics have been expanded to more complex defect distributions in
crystalline semiconductors by Sah and Shockley [58), with the result of complex equations for the
case of the steady-state and even at thermal equilibriom (se¢ e.g. [Milnes 73]). Taylor and
Simmons [72] found that the statistics of one defect level [Shockley 52] are also valid for certain
energy distributions of one defect type in the case of crystalline semiconductors, while neglecting
the spin degeneracy factor. The approach of Taylor and Simmons {72] is generally applied to
amorphous semiconductors and has been expanded to the case of defects with a finite comrelation
energy U {(dangling bonds) by Vaillant and Jousse [86). Defects with an infinite correlation
energy, well known as donor-like and acceptor-like defects, foltow the formalism of Taylor and
Simmons (72] if one takes into account the spin degeneracy factors. In a-Si:H, the defects with a
finite correlation energy U (dangling bonds) are often approximated by a donor-like defect peak at
E and an acceptor-like defect peak at E+U (see tab.3 in chapter 3). The author will show in this
section that this approximation is not valid: for some specific cases the author found that a defect
with a finite correlation energy U (dangling bonds) can be approximated either by a donor-like
defect peak at E or by an acceptor-like defect peak at E+U.
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One can express the tion function at steady-state equilibrivim f(E) of a defect without g finite
gorrelation energy in terms of the thermal emission and capture probabilities ([Shockley 52] and
[Taylor 72)): '
PR
F(B) = ——gmmms
ptre +h+e,
The capture probability (i and ) of the charge carriers are given in terms of the charge carrier
densities (n and p}) in terms of the capture cross-sections (o, and @) and in terms of the thermal
velocity of the charge camiers (v, and v,). The thermal emission probabilities (¢) and e,’)
additionally depend on the energy E (of the defect), on the effective DOS (here on the effective
DOS at the mobility edges N& . and NI ) and on the border of the bands (here the mobility

edges E.,,, and E,, ). While neglecting the spin degeneracy factors, one gets:
ni=v, 0,0 pEvV, o, p
e =v, 6, Nin, exp|-B(E,, —E)] ey =v, 0, Nif exp{—B(E ~ Eype))

The following picture shows the notation used:

CB
i el

1-1(E) f(E)
W
VB

Eg
non occupied  occupied

For the case of a-5i:H, Mittiga et al. [90] suggested to replace the thermal emission probabilities in
the occupation function of the statistics of Taylor and Simmons [72) with the sum of the thermal

emission probabilities and the defect:to-band generation probabiljties (which are also called optical
emission probabilities) in order to additionally describe the optical trapsitions of types B and C:

o & P h th 73
€, = e, +el e, —=e; tep

The anthor points out that the approach of Mittiga et al. [90) is only valid if the thermal ionisation
energy is equal to the optical "ionisation” energy (definition see section 2.4.6.). In crystalline
semiconductors, the energy position of the Jocalised states is different for thermal or for optical
transitions because of the uncertainty retation [Kireev 75] and, thns, the localised state position can
be overestimated in the optical determination by as much as 10% for dopants in crystalline silicon.
Here, such effects are neglected and one can follow the approach of Mittiga et al. [90].
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The following picture shows the notation used (the double arrows correspond to the optical

transitions):
' CB
# e eph
1-(E) Eg £(E)
th ph
% % P
VB
non occupied  occupied
These defect-to-hand generation probabilities (¢!" and &) can be calculated from the JDOS

J(h) of the absorption (k) and they have the following form [Mittiga 90]:
e = C, no R? @y N.(E + he) e;" =C, # R* @, N, (E - )

These defect-to-band generation probabtlities are proportional to the gptical matrix element R* and
to the incident photon flux @,. The defect-to-band generation probability e&" corresponds to a
transition of a localised state to a delacalised conduction band state N (E + &) (transition of type
C), and the defect-to-band generation probability e} corresponds to a transition of a localised state
to a delocalised valence band state N, (E — k) (transition of type B).

Thus, the gccupat nction at steady-state equilibrivm f(E) of a_defect without a finite
correlation epergy can be expressed in terms of a parameter K which determines the occupation
function f(E):

fE) = —— with K = M

1+K fi+ep +eb

Based on the resu]ts of Vaillant and Jousse [86], while takmg the opuca] transitions into acconng,

{danglmg bonds) can be expressed in terms af two parameters K and K, which deternune the
occupation functions:

!
f*(E)= fP(E)=K" f*(E f(E)=K"'K; {*(E
(E) TS K] (E) {E) (E) v '(E)
% 4ot 4o »
with KaE2% e and K, = _Bytentely
i+ey +eff By +em; + e
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The following picture shows the notation used (the double arrows correspond to the optical
ransitions):

CB
- VB
non occupied  occupied by 1 electron g;c;gll?é:mons
' &) fE) "(E)

The occupation function £*(E) corresponds to an jonised atom, the occupation function (E)
corresponds to a newtral dangling bond, and the occupation function f™(E) comresponds to a
dangling bond occupied by two elecirons. K and K, determine these occupation functions, which
depend on four capture probabilities (@, , fiy, py), on four thermal emission probabilities (&},
e, ek, €n) and on four defect-to-band generation probabilities (e, ¢2’, ek, ef). These
terms are defined in appendix B3.5: the spin degeneracy factors are taken into account for the
thermal emission probabilities (in contrast to [Taylor 72)); factors 2 - introduced in section 2.3.4. -
are also taken into account for the defect-to-band generation probabilities (in contrast to [Mittiga

91)).

The author rewrites these occupation functions in terms of correlation factors z, and zy,;
introduced here:
i K K 13
fF*EB)= e (B)= = u (E)y=——
) 1+K™ z,, ® 1+K' z,, 14K, z, (E) 1+K, z,

with z,=(1+K) and 2 ={1+Ky)
If the correlation factor z,,, is equal to one (K[J’ = 0), the defect acts as a donor-like defect at the
energy E: :

f*(E)—L f°(E)=-1— f(E)=0

1+K 1+K

If the comelation factor z, is equal to one (K = 0), the defect acts as a acceptor-like defect at the
energy E+ U:

By = t —L f (BE)= 1
=0 f(E)_l-i-KU (E) 1+K,

It is not possible that the two correlation factors z, and z,, are both equal to 1 {never
Ky=K™' =0) and, therefore, it is not possible to approximate a defect with a finite correlation
energy U by a donor-like defect at the energy E and an acceptor-like defect at the energy E+U. A
defect with a finite comrelation energy U can either act as a donor-like defect (24, = 1) or as an
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acceptor-like defect (z, = 1). This note is also valid if the thermaal emission probabilities and/or the
defeci-to-band generation probabilities are neglected.

4.3 is of the i cti

For the analysis of the occupation functions in this section, the defect-to-band generation
probabilities are neglected, whereas in chapter 3 they will be taken into account. This will allow
one to study the influence of the defect-to-band generation probabilities. In a-Si:H the defect-to-
band generation probabilities are, in general, neglected for the study of photo conduetivity with
Rz ER®.

Taylor and Simmons [72] have shown that the occupa 3 a finjte
correlation energy depends only on the ratio K of capture probabllmes between two
"recombination” levels (E,, and E ), which is considered energy-independent by them:

l =k for E_ <E<E, with f(=¥,
n

I(E) =

p+ i

with E, m-l-len[ ) el =f+p

h+p

E¢=Evm—len{ ] from e =&+p

V8 Nyme

The "recombination” level E_ is called guasj-Fermi-level for trapped electrons and the
"recornbination” level l=:2,p guasi-Fermi-level for trapped holes, by Taylor and Simmans [72].

In a similar way, the author presents here the result for the occupation function of a defect with a
finite correlation energy U (dangling bonds). The complete occupation functions (calculated by
Vaillant and Jousse [86]) can be approximated, provided that they lie between two "recombination
levels” (Eq, and E,,) introduced by the author hereafier; in this case they depend only on the ratio
of the capture probabilities (K and f(,_,). They are energy-independent between these two
"recombination levels” (B, and Eg ).

T S pea T
Ppy+iby+afy 1+K(1+Ky)
.. ! X
f9YE) = npy - =k
(E) PPy +ipy+ifiy, I1+K+K{
i fi iy 1 .
£(E) = = =k

n
Bhu+Bpy+8hy 1+K,(1+K)

for Ey, <E<E,,

z
=3
7‘{-
]
=Ll
g
=9
s
c
1l
c:u l::ue



fitfiy,+p+py

1 U
vnNg‘w(E G, +26G, exp(ﬁ))

with Eqg, = Ecp + KT In

i+, +p+Py
N (2 1 U
Vol ymen| £ T, +-2-0‘puexp _ﬁ

The “recombination level” E, | is calculated from the condition e, +¢,, =i+ 8, + P+, and the
“recombination level” Eg, from the condition e, +e,, =fi+1i, + p+ p,. If the deep defect peak
Npe(E)} is lacated between these "recombination levels”, the occupation functions are energy-

independent.

Eq, = Evpes = KT In

In the case of a-Si:H, the following approximation may be valid:

a
e.g for U>0.1eV, So~ 2 100

g
1«&,—ﬂ«4exp(—u—) and v, =v,
Sy T, kT Sy G,

Provided that this condition is valid, one can approximate the "recombination levels" as:

g,tpo
Em = ECmob -U+ kT hl[;—';gp—G&J} ERp = E‘Vlmb -kT lﬂ[%\]?‘p—ﬂ)
cmob Fay Vs Tp

The author distinguishes the following five specific cases, which simplify the energy-independent
occupation valves k*, k® and k™ berween the two general "recombination™ levels ( E,, and Ep )

Case (1l K=K,=1 = kr=k=k =1/3
Case(2): K=0 = k'=0 ﬁ"-——l:-— =t
) 1+Ky 1+Ky
" N 1 e} .
Case(3y: K =0 krmee— k= k=0
o & = Keme UTnx
Case (4): K=K =0 = k'=0 k=0 k=1
Case(5): K'=K{ =0 = k=1 k=0 k=0

In cases (2) and (4) the defect acts as an acceptor-like defect, in cases (3) and (5) the defect acts as
a donor-like defect. Case (4) comresponds to an n-type material, case (3) to a p-type material. Note
that it is also possible 10 define some other specific cases (see e.g. [Hubin 94]}.
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Fig.10: occupation functions: top to bottom: case(1) 1o (5): details see text.
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In order 10 prove the validity of the "recombination levels” introduced here for a defect with a
finite correlation energy and the approximations between them, the author has numerically
calcnlated the occupation functions introduced by Vaillant and Jousse [86] for dangling bonds for
the five cases introduced above.

The following valoes have been chosen as general input values: a correlation energy of U=0.3eV,
a temperature of T=300K, identical thermal velocities v, = v, identical capture cross-sections
G,y =0, for the neutral state, identical charge carrier densities at thermal equilibrivm n'=p'
(intrinsic semiconductor) and a ratio of the charge carmier densities at steady-state equilibrium to the
charge carrier densities at thermal equilibrium of (n p)/(n' p') =10'® (comesponding to the mass
action [aw np> n? = o' p'). The following table shows some further input parameters:

Case (1) Case (2) Case (3) Case (4) Case (5) |
n/p 1 100 17100 100 1/100
G _Sw _ 1 50 50 1/50 1/50
S, Oy

Fig.9 shows the numerical results: the Jeft column shows the occupation function at thermal
equilibrium. For each case the energy level is indicated where the split of the "recombination
levels" will take place at steady-state equilibrium. The right column shows the corresponding
occupation functions at steady-state equilibrium where the "recombination levels” E, and E,_ are
indicated as well as the energy-independent occupation values k*, k® and k- between them. The
five cases are numbered from top (1) to bottom (5). The arows correspond to the shift in the
"recombination levels” due to higher charge carrier density products (n p).

Fig.9 confirms that the occupation functions are energy-independent between the “recombination
levels” Eg, and Eg,. In the intervals (Eg, and E,,+ U) and (Eg,- U and Eg,), the occupation
functions can be energy-independent or more complex, depending on the chosen parameters.

Fig.10 shows the occapation functions f~(E) (left column), 1*(E) (middle column) and f*(E)
(right column), from top to bottom case (1) to case (5) as a function of an increasing charge carrier
density product (n p). In the energy intervals (E,, and E.,+ U) and (Eg,- U and Eg), one finds
a rather complex behaviour of the occapation functions depending on the parameters chosen.

From these figures one can estimate that the occupation functions are determined by the following
probabilities:

Interval (Eq, and Eg ) only capture probabilities
Intervals (E,, and Ep,+ U) and (Eg,- Uand Eg): capture and/or thermal emission probabilities

Outside interval (Eg,- U and Ep,+ U: only therinal emission probabilities
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CFM and PDS operate at low light intensities. This means that the "recombination levels” (E,,
and Eg ) are not necessarily split in such a way that the defect peak is located between them and
that, therefore, the thermal emission prebabilities can be neglecied. Naturally, the defect-to-band
generation probabilities (X', ef', ¢%), X)) cannot be neglected for the case of 4w < E™ (CPM
and PDS). But - a priori - it is not even evident that the defect-to-band generation probabilities can
be neglected for the case of Ao > EJ™.

Z:4.4. The generation rate

The generation rate G correspands to the electron-hole pair creation dve to the absorption of
pbatons per second and per volume. The lacal generation G(x} is defined in general ag

G{x) =1 a{x) ®(x) with B(x) = @, 674

Thus, the total generation rate G, is a function of the incident photon flux &,, tbe local
absorption coefficient ¢((x), the thickness d of the raterial and the microscopic quantwn efficiency
1 given as
15 @, N f
- | | —a{x)x
G, 3 _o[dx G(x) q ;I;dx afx)e

Hereafter it is assumed that the microscopic quantum efficiency m is 1 and it will, therefore, be
omitted in the following equations. If the material is homogeneous, the absorption coefficient ¢
can be assumed to be position-independent and the total generation rate G, is given as

G, = %{1 -} for o position-independent
The special case oud<<1 of this equation is called the "uniform absorption candition" here, and the

total generation rate G, is given as

G,=0, 0 for ad<<li

[l §

Only this case will be analysed hereafter. In fact, CPM as well as PDS mostly operate under
uniform absorption condition and are, thus, related in a direct way to the total generation rate G,
Further, the conductivity at steady-state equilibrium is also related to the total generation rate (see
chapter 1 and chapter 3}. Therefore, it is important to analyse the total generation rate G, .

The absorption coefficient a(k®) in the expression G, = @, « is still a function of the photon
energy %0 and is determined by the transitions of types A, B, C or D as introduced in section
2.3.2. Transitions of type D are, once again, droped here. Thus, the total generation rate G (hw)
is given as a sum:

G o (h00) = Gy (ht0) + G ()
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The band-to-band generation ratg G, (Aw) is cansed by delocalised-to-delocalised band transitions
(transitions of type A). The defect-to-band generation rate G, (hw) is caused by localised-to-
delocalised transitions (transitions of types B and C). The wtal generation rate is related to the
absorption of photons which generate electron-hole pairs. The band-to-band generation rate
Gy, (hw) creates pairs of delocalised electrons and holes. The defect-to-band generation rate
G, (hav) creates electron-hole pairs, where one of them is localised and the other delocalised.

The following picture shows the notation used (the double arrows correspond to the optical
ransitions):
CB

Transition C
Transition A | Eq
Transition B

VB

Gou= % + G

In general, the total generation rate G, (#®) is controlled by the transitions which dominate the
total absorption . (hw). For a crystalline semicondnctor with a defect located within the
bandgap, it is evident that the total generation rate G (hw) is equal to the band-to-band generation
rate Gy, (#w) for a photon energy equal to the bandgap (k= E). Butin the case of a-3i:H with
a mobility gap and with some exponential tails as DOS, the total generaticn rate G, (hiw) can be
dominated by transitions of types B and C and not by transiticns of type A for photon energy equal
to the mobility gap (hw = E:‘“"), as shown in fig.8. This means that the defect-to-band gencration
rate G,(hw) cannot be neglected for the calculation of the total generation rate G, (%) in the case
of a-Si:H for photon energies comparable to the energy of the mobtlity gap. If the photon energics
are smaller than the mobiity gap (hw< E:‘*‘), the band-to-band generation rate is zero
(G,, (hw)=0) and the total generation rate G (i) is always controlled by the defect-to-band
generation rate G, (hw).

The band-to-band generation rate Gy, (i) is given as

Gy (R0} = B, C, 80 R? I, (hto) = B, C, ho R TdE N (E)N(E + im)
Ecan—"®

or G (h0) = ETBE N,(E)el with e =@, C, ho R? N.(E + /i)
Exomp— 0

The band-to-bapd generation probability eﬂ of transition A has the same form as the defect-to-

band generation probabilities introduced in section 2.4.2. for the description of the occupation
functions.



If the optical bandgap is equal to the mobility gap (E:“‘ = E:"‘"), the band-to-band generation rate
G, (hw) is given as (see section 2.3.3.%

T
G, (h0) = ®, C, hto R* N N? TEy - By for E¥ =E™

The defect-to-band generatiop rate G,(h®) depends on the defect type. For the defect type
analysed by Taylor and Simmons [72], Mittiga et al. [90] found the following defect-to-band

generation rate G, (ho):
efel +efel +efle?
(el +e?)+{p+rel+e)

G, (hw) =

N, is the defect density at the energy E, within the bandgap. This result of the defect-to-band
generation rate G, (i) for a defect without a finite correlation energy will be discussed in section
2.46..

The author found the following expression for the defect-to-band generation rate G ,(hw) of a
defect with a finite correlation energy U:

Bhoth o LB ph L ph P Photh L th ph . oh oh
G, (hto) = el'ey +erel! +ef'e’ . efen +eaueh + e d
= th h = th = th = th
(Prer+el)+(f+er+el)zy (fy+eh +efl)+(Po+en +ei)z,
with z,=(1+K) and 2y =(1+K7)

ptel+e By +ed +ef

KE__+ Y and K=V —u o o Lo
fi+ep, +¢el fiy +ep +eky

From the formal point of view, the terms of this expression laok similar to those contained in the
result of Mittiga et al. [90], but the two correlation factors z, and z,, do not allow a simple
interpretation,

Regardless of the defect type, one can see that the defect-to-band generation rate G,(hw) is
proportional to the defect density N .

In general, if the defect-to-band generation probabilities (e, ef" or ef', e, el efy) are
neglected, the defect-to-band generation rate G,(A®) is zero. In contrast, if the band-to-band
generation probability el is neglected, the band-to-band generation rate G, (R®) is 2ero.
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-state equili

At steady-state equilibrinm, the total generation rate G, (k@) is equal to the total recombination
rate R, minus the total thermal emission rate T, :

Gwl(hm) = Rlu - Tlot
with G, (1) = Gy(h0) + G,(Aw) R, =Ry +R, To=Ty+T,

The total generation rate G (ko) consists of the band-to-band generation rate G, (Aw) and the
defect-to-band generation rate G,{(hw) (see section 2.4.4.). The total recombination rate R
consists of the hand-to-band recombipation rate Ry, and the defect recombination rate R,. The

total thermal emission rate T,, consists of the band-to-band thermal emission rate T,, and the
defect thermal expission rate T,.

The following picture shows the notation used (the double arrows correspond to the optical
transitions):

CB
[ N
) + Eq
B
- vB
Gy G Ry Ry Ty Ty
GtOt RIOI T tot

Here the band-to-band recombination rate R, is neglected because the defect recombination rate
R, is assumed to be dominating the total recombination rate R,,. For very high generation rates,
this assumption is not valid, Further, the band-to-band therrnal emission rate Ty, is neglected
because the defect thenmal emission rate T, is assumned to be dominating the wtal thermal emission
rate T,. For very low generation rates, this assumption is not valid.

The anthor analysed the steady-state equilibrinm for a defect without and with a finite correlation
energy U by solving the rate equations, while nsing the correlation factors z, and z, (introduced
in section 2.4.2.).

The anthor has found the following expression for the defect recombination rate R, and the defect
thermal emission rate T .

For a defect withont a finite correlation energy:
®e

el e N
(ﬁ+eﬂ’+e§” +("+e:’+eﬁ"] ¢

= 6 p N, and T, =
R, (ﬁ+e§+e:”)+(‘+en"’+ef‘) «20¢ T



For a defect with a finite correlation energy U:

R,;= ip - + A p N
¢ (13+e,;"+e:*')+(ﬁ+e“'+e’“]zdu (fig + ey +ebh )+ (B, +ely +eR)z, |

th _th th b
T, = bt + S Zpu N
a (f3+en“'+e£")+(ﬁ+°:'+3§h)zw (ﬁu+eg'u+e:{‘_,)+(ﬁu+e;“u+eru)zd a

One can see that the presence of the correlation factors z, and z,, does not allow one to
approximate a defect (with a finite correlation energy U) with two defects (without a finite
comelation energy) - even if the defect-to-band generation probabilities are neglected.

Further, the author has found the following expression of the band-to-band generation rate
G, (h) at steady-state equilibrinm.

For a defect without a finite correlation energy:

ip~(e +eﬁ")(e:' +ef,") }N
4

(B+el+el)+(h+el +elt)

G (i) = R, - Ty - G,(ho) = {

For a defect with a finite correlation energy U:
G,k =R, - T, - G,(ha) =

{ ﬁ[a—(e,;"+e,;'“’](e:+e:") . Euﬁu—(efu+e:g)(e:'u+e:ﬁ) }N
a

(b+ed+ef)+{n+e® +el’;"Tsz (B, +el +eB )+ (By +em, +ek) 2,

If the photon energy is smaller than the mohility gap (hw < E:“"’), the band-to-band generation rate
G\, (R} is zero and these two expressions, which determine the steady-state equilibrium, are
equal to zero. The interpretation remains complex (see section 2.4.6.).

In contrast, the expression of the band-to-band generation rate G, (A} at steady-state equilibrium
can be simplified if the defect-to-band generation probabilities and the thermal emission
probabilities can be neglected. For this specific case and for a defect with a finite correlation
energy U the author has found the following simple expression for the band-to-band generation
rate Gy, :

i Py
G,=R,= — — — — |N for E, < E, <E
wo e 1+K"{1+K;}} 1+KU{I+K} ¢ Rp T TR
with f{=-E f{u=%’-
ii fiy
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The thermal emission probabilities can be neglected if the defect is located between the two
"recombination levels”, introduced in section 2.4.3. (E.Rp <E, < E,}. In this case the occupation
functions are energy-independent and also determined by K and K, (see section 2.4.3.).

Corresponding to the five specific cases of the occupation functions under these conditions (see
section 2.4.3.), the author found the following five cases for the band-to-band generation rate G,

Case(l: R=K,=1 = G.,\,=Rd=%(ﬁ+l-3u)Na
Case(2;: K~0 = G,=R,=—2LL N,
Oy + Py
o b
Case (3 Ky =0 = G,,,=R,=ﬁ+pﬁN,
Case (). K=K,=0 = G,=R,=p,N,
Case (5 K'=Ky=0 = G, =R,=iN,

fn cases (2) and (4) the defect acts as an acceptor-like defect, in cases (3) and (5} the defect acts as
a donor-like defect. Cases (2) - (5) correspond to the recombination behavicur of a defect analysed
by Taylor and Simmons [72]. In cases (4) and (3) the recombination is limited by the minority
carrier. Case (1) looks like a combination of cases (4) and (5) and the factor 1/3 is related to the
occupation function of case (1) (see section 2.4.3.). Note: it is also possible to define some other
specific cases (see e.g. [Hubin 94]).

The following picture shows the five cases (the double arrow corresponds to the optical transition):

Case | Case2 Case3 Cased4 Case$s CB

U

®=0 f®=0 @0 BE=0
f'°+cs)=113 OE=0 ®)=0

These five main recombination paths may also be present for the case where the band-to-band
generation G, (h®) is replaced by the defect-to-band generation rate G,(k®). Therefore, the
defect-to-band generation rate G,(Rw} will have to be analysed next.

-68-



defect-to-band ge i "seneration” s

Any kind of experiment which operates with photon energies lower than the mobitity gap
(hw < E;™) is controlled by the defect-to-band generation rate G,(%). The following analysis of
the defect-to-band generation rate G,(A®) remains necessary in order (0 understand CPM and
PDS.

The defect-to-band peneration rate G,(hw) depends on the defect type. The defect-to-band
generation rate G,{(Aw) of a defect with a finite correlation energy U is a complicated function,

due to the correlation factors z, and z,, (see section 2.4.4.). Therefore, only the defect-to-band
generation rate G,(hw) of a defect withont a finite correlation energy will be analysed in this
section (see section 2.4.4.). The main defect-to-band generation mechanism will be similar for a
defect with or withou a finite correlation UJ.

Mittiga et al. [20] found the following defect-to-band generation rate G,(hw) at steady-state
equilibrivm for the defect type analysed by Taylor and Simmons [72]:

el +eTel 4 eRe
et +e™ +rprel +e

G, (o) =

This result can be written as
G (h0)=(G, +G, +G,, ) k]’
with G, =e et G, =el el G, =ell el
ky={d+p+el +el +er +ef N7
The following picture shows the notation used (the double arrows comrespond to the optical

transitions):
transition transition transition

C B B&C
th
T cll:h enT W c#h
Ej

th ph ph
N
VB

G" GP qj1:'

CB

G, corresponds to a transition of type C and is proportional (o the thermal emission probability e;"
(thermal emission of a hole), G, corresponds to a transition of type B and is proportional to the
therrna emission probability e (thermal emission of an electron). Finally, G, corresponds o a



transition of type B plus a transition of type C and is independent of the thermal emission
probabilities e; and ¢;'.

The three defect-to-band generation mechanism each produce a delocalised electron-hole pair,
similar to the band-to-band generation rate G, (k). Here, only one defect level at the energy E,
is assnmed to be present. Therefore, the recombination of such a delocalised electron-hole pair
takes place by the same defect (a discussion of a system with two defect levels will be given in
chapter 3).

Concerning the photon energy hw one can distinguish between four cases which depend on the
optical "jonisation” energies (E,,, E, }of the defect at the energy E,:

E,=Egw—E4 and E, =E,~E,,,
These cases are determined by the photon energy ko for a fixed defect at the energy E,:

Case (a): Transitions B and C possible: G,(hw)=(G,+G,+G, )k;' for ho2E,.E,

Case (b): Only transition B possible: ~ G,{(hw)=G, k;} for E, > ho 2E
Case (¢): Only transition C possible: G, (Aw)=G, k;’ for E, shw<E,
Case (d): no transition possible: G,(hw)=0 for Aw <E,.E,

This means that only the transitions marked above as "possible” contribute to the defect-to-band
generation rate G,(h®) as in the case of the absorption at thermal equilibrium (see fig.8).
However, thé absorption at thermal equilibrinum does not necessarily have to be identical to the
absorption at steady-state equilibrium; a change in the occupation functions from the thermal
equilibrinm to the steady-state equilibrium can, in principle, lead to a cbange in the absorption,
especially in the deep defect absorption range (see section 1.7.3d and chapter 3).

In order to estimate the dominating generation mechanism (G, G, or Gp) of case (a), the author
introduces "generation” levels” E., and E;, in the following way :

2
=t o EG,‘=Ecm+len(Zn%th—m-) Znﬁen%@q’o 9, L

f’.‘f:nb n 6n

N,(E, — AW C, ho R?

er=ef - E®=Evm—len(Zp%———)-) ZPEGP—Q\T—QO 9"53—
Vimoh Hd F

These leveis depend on the incident photon flux €, on the photon energy Aty and on the ratio 6,
of the optical matrix element R? and the capture cross-section o; (i =n, p). Fig.11 shows the two
“gencration levels” E, and Eg, as a function of the incident photon flnx . One can see that the
mobility gap E;“"" is split into four regions I, I1, I and IV, depending on the incident photon flux
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D, For a fixed defect position E, within the mobility gap E;“”‘” the defect-to-band generation rate
G,(hw) passes up to three regions as a function of the incident photon flux &, Further, Fig.12
indicates that for a fixed incident photon flux &, the dominating defect-to-band generation
mechanism depends on the defect position E,.

I i m
&mobm RALARM A ML A Mt
T :_ Gn EGE(%) gpl:h IEd enph G
Egmob F ' "
Gn'{Gp "!’: epph Eld apth Gp
- E 1
§ Ey
; G Ec®) Gl U B8 N3
EVmob [usluuelosl el oo ol v sonl o und o ] NIRRT TRRTR A i
- = Evmob EGp EGn Ecmob
Dy [an]
energy [a.n.)

Fig.11: the "generation levels" Eg, and Eg,
as a function of the incident photon flux &,
and the corresponding regions 1, I, IT and IV

Fig.12: the three generation mechanisms G,
G, and G,, depending on the defect energy
position E, within the mobility gap E7™.

of case (a).

The four regions I - IV of case {a) are defined as follows and the defect-to-band generation rate
G, (hw) is given for each region in terms of the three generation mechanism ( an' G, o1 Gp):

regionl: B, <E,<Eg,B; el <e ey >e G, (hw)~G, k'
regionIl: E, <E, <E,, el <ef ey <ef'  G,(Aw)=G,, k}'
regionll: Eg ,Eg, <E,<Eg, e >el ef <ef G, (hw)=G, k}'
regionIV: Eg >E,>Eg, el et el <el  G,(hw)=(G,+G,) k'

It is evident that the ratio 0, of the optical matrix elements and the capture cross-sections govem
the selection between the different generation mechanism G,, G, and G,,. For very large ratios
6, the two-photon generation mechanisra G, (region fl) can dominate the defect-to-band
generation rate at a high incident photon flux ®,; otherwise the one-photon generation
roechanisms G, and G, (region I, III, IV) dominate the defect-to-band genezation rate G,(%0).
In appendix B6 a numerical estimation of the "generation levels” E,, and E, is given for the case
of a-Si:H.
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The defect-to-band generation rate G (k) and the cccupation function f(E) can then be expressed
for the four regions I - IV of case {a):

efel fi+eh
ion I. G, (h)) = ———L2—_N f(E)=
reglon a(A2) Atel+p+ed ¢ (E) prel +h+el
ghgfh it + e
ion 1T: ho)s ———F e N f(E)=
reglon Gq(ho) fi+el+p+el E prel +i+e
glert it +e”
ion III: G, {(ht) = =—t——t——N KE)Y=
region o(hw) B+el+ptel (E) prel+i+el
photh | othgeh fi+el
region TV: G, (hwo) =20 2% N £(E) =

i+el+p+el prer+itel

Ope can see that the occupation function f(E) in region IV does not depend on the defect-to-band
generation probabilities (22" and e:" ). Here, the capture probabilities (# and p) will, therefore,
determine the occupation functions. In conirast, the occupation function f(E) in region II depends
on both defect-to-band generation probabilities (8" and e};" ). In this case one can expect a change
in the absorption at steady-state equilibrium (for PDS and CPM) in comparison to the absorption at
thermal equilibrium.

One can conclude that the defect-to-band generation rate G,(h®) depends on the possible
transitions and that all three generation mechanisms are proportional to the defect density N, but
that G, and G, are additionally proportional to the thermal emission probabilities which are
strongly dependent of the defect position E,, whereas G, depends much less on the defect
position E,. Whether G, dominates the defect-to-band generation rate G, (k) depends basically
on the ratio 6 of the optical matrix element and the capture cross-sections and can be determined
with the help of the "generation levels” (Eg, and Eg,) introduced here.

4 an L at steady-stare equilibrin
At this point in the study, it remains necessary to compare the approaches of Mittiga et al. [90] and

of Vanecek et al. [81] (original CPM approach), which both describe the CPM at steady-state
equilibrium.

Vanecek et al. [81] calculated che steady-state equilibrivm only for transitions of type C
(E,, €40 < E,,)- correspontling to an n-type material - and found the following result for a defect
with a defect density N, and with a defect position E,:

%1=0=c:"de—ﬁ{l—f)Nd
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Based on this rate equation, it is generally assumed that CPM is controlled by the majority charge
carrier, that CPM is independent of the thermal emission probabilities and that the occupation
function f corresponds to the occupation function at thermal equilibrium.

In contrast, Mittiga et al. [90] considered both rate equations (dn / ot = 0 and dp/ dt = 0) with the
result that the occupation function f(E) (see section 2.4.2.) and the defect-to-band generation rate
G, (hw) (see section 2.4.5.} can be determined. Further, in the approach of Mittiga et al. [90], the
defect position E, can be located anywhere within the bandgap (transitions of type B and C
passible).

Based on the analysis of the defect-to-band generation rate in 2.4.6. (approach of Mittiga et al,
[90]), one has to conclude for CPM that the minority charge carrier and the thermal emission
probabilities cannot be neglected and that the occupation functions and the defect-to-band
generation rates G, (R} can be photon energy dependent! Therefore, CPM will be analysed
numerically.

In general it is assumed that PDS can be described as a system at thermal equilibrium. An
interesting consequence of the approach of Mittiga et al. [90] is that FDS can be analysed at steady-
state equilibrivm. The detected deflection of PDS is simply proportional to the total generation rate
G, (hd):

G, (he) .
- = bil
Qpps(h00) Py with G, (hw) = G,, (he)+ G, (k)

The incident photon flux ®,(Aw) of PDS is approximately constant {in strong contrast with
CPEM). But it can influence the occupation functions and this can - in principle - lead to a change in
the absorption (%) (see section 1.7.3d and chapter 3), Therefore, PDS will also be analysed
mumericaily.

asis of urmerical is at -gtate

The goal of a numerical analysis is to calculate the total generation rate G, (A) and the
conductivity ¢ =e{un+1,p} at steady-state equilibrinm. This will allow one to numerically
stady FDS and CPM, which are bath functions of the incident photon flux ¢, and the photon
energy h®. Here, the basis for the numerical analysis at steady-state equilibrium is presented,
whereas the numerical results will be shown in chapter 3. The mathematical formulations of the
different elements at steady-state equilibrium are given in appendix B3.

At steady-state equilibrium the localised conduction and valence hand states of the standard DOS
(introduced in section 2.1.) are described by the statistics of Taylor and Simmons [72), taking into
account the defect-to-band generation probabilities of Mittiga et al. [90]. The occupation function
of the dangling bond peak of the standard DOS is described by the statistics of Vaillant and jousse
[86), while using the corresponding defect-to-band generation probabilities additionally.
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In the case of the standard DOS with a mobility gap (introduced in section 2.2.) the rate equation at
steady-state equilibrinm and the total generation rate G, () is given as

, ]
Rate equation of the CB: 50 =0=G\,C(P‘rm)+zj:{6q(hco}+ Ty —ch}

Rocequuionof B VB 2p=0=Gich) + S {6u0a)+ TR,

Total genesation rate: G (19) = G (0) + Y {G; () + Gy (o)}
]
with j=v,c +0,-

The transitions of types A, B and C are taken inte account whereas the localised-to-localised
transitions of type D are snppressed. The following overview illustrates all partial rates and the
corresponding notations ("R" comespond to the recombination rates, “T," to the thermal
emission rates and “G" to the gemeration rates. The indices "V" and “C" correspond to
delocalised band states, “v" and “c" to localised band tail states and “+", "0", “-" to dangling bond
states). The thermal emission rate of the transition of type A and the corresponding capture rate are
not taken inte account here. The equations of the partial rates for the numerical calcuolations are
shown in appendix B3.4. Overview 2 shows the partial rates (recombination R;, generation G
and thermal emission T,).

N
T L ch"
Ted [Gev |Rev
Gye Ty,
RVV GVV‘L T\Fv
NV

Overview 2: notation of all partial rates used for the numerical analysis.

It is assnimed that the standard DOS, the mobility gap, the optical matrix element and the mobilities
are equal at thermal equilibrium as well as at steady-state equilibrium. For a given set of parameters
of the standard DOS and of the mobility gap, the only "free” parameter at thermal equilibrinm is the
Fermi level Eg, which determines the total charge Q,,(E;) and the effective DOS N and
N . The latier two are used in order to caiculate the thermal emission probabilities. Thus, the
only adtfitional parameters at steady-state equilibrivm are the capture cross-sections and the thermal
velocities, whereas the incident flux ®, and the photon energy A® art as a "free” parameter and

-74-



the charge carrier densities (n and p} as "unknown" parameters. Knowing (n, p) for a specific
case, it is possible to recalculate all other parameters, sich as the gccupation functions, the total
conductivity ¢ = e{p.n+p,p} and the total generation rate G, (Aw).

In order to find the charge carrier densities (n and p), the two rate equations have to be zero under
the charge conservation condition:

. d d
rate equations: st-n(p) =0 and gp(n) =0
charge conservation: Qi (Ee)=Q,.(n,p)

The numerical approach to selve this system is quite simple. The unknown parameters are the
charge carrier densities (n, p). When using the occupation functions at steady-state equilibrium,
only one raie equation has to be solved, providing that the charge is conserved:

oumerical approach: %n(p)=0 or %p(n)-—-o with Q,=Q,.(0.p)

As a numerical eross-check of a solution (i, p), the unused rate equation also has to be fulfifled.
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3. Numerical analysis

The main goal of this chapter is to calculate CPM and PDS namerically. In a first step, the system
in thermal equilibrum will be analysed, where a measured PDS spectrum will be deconvolated
within the framework of a new approach. Thus, the parameters of the DOS will be determined. In
a second step the conductivity and the total generation rate will be calculated as a function of the
incident photon flux and of the photon energy. This will allow one to calculate CPM and PDS in
steady-state equilibrinm. The main results of this chapter will be that a PDS spectrum in steady-
state equilibrium is identical to the absorption spectrum at thermal equilibrivm, whereas for CPM
this is only the case if all capture cross sections are identical (a postulate which is probably far
from being fulfilled). The generation rate is spectrally-dependent if not all capture cross sections
are identical and then CPM does not necessarily detect the absolute absorption spectrum {i.e. the
second CPM condition is, in general, not fulfilled).

tem i erma uilibrjam

The system of a-53:H in thermal equilibrinm is introduced and discussed in chapter 2. The
corresponding definition equations for the following nurerical analysis of this system in thermal
equilibrium are shown in appendix BI and B2. The nomerical discretisation (HDS) used in this
section is introdnced in appendix C3.

On the basis of the standard DOS introdaced in section 2.1., of the transport concept introduced in
section 2.2. and of the absorption introduced in section 2.3, the system in thermal equilibrinm is
here determined by the following parameters (input):

standard DOS: E¥, ;, m,, B2, By, Npi, Eps —Eu, Wi, U
transport properties:  E.-E,, €., €, b, 1y, T
optical properties: C,, R?
Furthermore, if the charge neutrality condition of the dangling bonds is taken into account, the

Fermi level E; and the position of the defect N7} are related by E; = Epy + U /2 (see section
2.2.4. and appendix B3).

As numerical results, one gets the absorption ¢, () at thermal equilibrium, the parameter z, of
the Cody-plot, the conductivity, the effective DOS and the various charge densities {output):

absorption: o, (A0, z, = Jo(hw) ! ho
Conducnvity: a, Ngim, N:Fm
charge densities: Qp. m, p. 0. P, Npp, Npp
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The following parameters appear here as numerical results (output), but they could alternatively
be used as input parameters:

E:wb’ Ecno — Ers ECmo‘h_EDB’ Ng* Nﬂ. Nemon: Mymas

In order to determine the parameters of the system in thermal equilibrivm, the author first analysed

the values given in published literature. Tab.] shows some values determined by different

methods which are indicated.
Method o | commiin | "ot | sormnin
References [Cody 84]{ [Jackson 85] | [Vanecek 83] [Ley 87) [Wyrsch 92]
N2 jem%e V2] . 31102 * 6.7 10 - 8.510®
N?, [em~ V2] - 24102 * 6.710% 1.510% * 8.510%
e/ m, 2.7 1 - 0.25
i, /m, - 2.3 1 1.6 0.25
E™ (eV] 1.64 - 1.8 - 1.75
E™® [eV) 1.67 2.0 - - -
R?[AY] 0.9 10 952 ** - 5164
| N [em”e V7] - 4-810% - - 9.810"
| Nypo [em~’eV™) - 4-810% - 2-310% 9.810"

Tab.1:  some basic references for the parameters of the DOS.

Notes: * deduced from graph {approximation)
** originally P?= constant (recalculated, approximation)

The system in thermal equilibrium is determined by a full SET of parameters. The author
distinguishes parameters which determine the band states / band tail states (“band parameters of the
standard DOS"), parameters which describe the defect states ("defect parameters of the standard
DOS"), parameters which are related to the transport ("transport parameters") and parameters
which correspond to the optical properties (“optical parameters"). All these parameters are
discussed next.

The band parameters of the standard DOS:

In section 2.1, the author suggested a description of the parabolic conduction and valence bands
by some effective DOS masses (m,, m, ) instead of the bending parameters (N2, N$) (see also
appendix C1.1.). In tab.] one notices a large variation in the values of these parameters (e.g. f,
=0.25 - 2.7 m,). The next section will indicate that these parameters are related to the values of
the optical matrix element R*. Further, (ab.1 indicates that the values of the DOS at the mobility
edges (N Nypo) 38 well as the values of the optical bandgap E;"‘ also vary over a large
range.
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The slopes of the exponential tails ( ES and Ej) are determined by two different experiments. The
slope of the conduction band is approximately equal to kT, found by time-of-flight measurements
(TOF) (see e.g. [Wyrsch 92]), whereas the slope of the valence band is ¢.g. determined by the
deconvolation of CPM or PDS measurements as well as by TOF measurements (see e.g. [Wyrsch
927).

The defect parameters of the standard DOS:

In this study, the defect peak of the DOS (dangling bonds) is given by its energy position Epg, the
total defect density Np, the width W, of the assumed Gaussian distribution and the correlation

energy U.

Tbe dangling bonds in crystalline semiconductors are surface defects with a small volume (atomic
radins 1A). The dangling bonds in amorphous stlicon may (to a great extent) be located at internal
void surfaces ("Swiss cheese"). Electron Spin Resonance (ESR) measurements detect single-
occupied spin densities. The g-factor of 2.055 has been identified as the g-factor of dangling
bonds in amorphous silicon with an ESR dangling hond spin_density N. In amorphous silicon
without hydrogen, N, is high (10" —10®¢m™) {Elliott 90). In hydrogenated amorphous silicon
(a-Si:H) N is much Jower. In terms of the three dangling bond states (D*, D®, D7) the ESR
dangling bond spin density N corresponds to the density of single-occupied dangling bonds
(D%).

In the case of undoped a-Si:H it is an established practice to assbme that the "deep defect
absorption values” of a measured absorption spectrum is related to the measured ESR dangling
bond spin density N With the help of such a calibration the “deep defect absorption values” of
any measured absorption spectrum is related to the total deep defect density Npj under the
assumption that the total deep defect density Ny of an undoped a-SitH layer is identical to the
ESR dangling bond spin density Ng.

Different methods exist to determine the "deep defect absorption values” of a measured absorption

spectrum. Here, the integrated excess absorption and the single-eneggy absorption are tiscussed
(for details see appendix C2).

Jackson and Amer [82] introduced the ingegrated excess absorption o, and found:

Np, =7.910%cm eV @, (for PDS spectra)
Wryrsch et al. [91] introduced the single-energy absorption ¢, at a specific photon energy Aw,,
and found;

Npp =12-2.510"cm™ a,, (hey, =1.26V) (for PDS spectra)

Wyrsch et al. [91] used strongly degraded layers for the determination of this proportionality
factor, Favre et al. [91] showed that the ESR dangling bond spin density N of annealed layers
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depends on thickness. Further, fig.] - discussed later on - indicates that the ESR dangling bond
spin.density N of the dangling bond states as a function of the gas dopant ratic does not show its
maximnm for undoped a-Si:H, but for slightly “p-type" a-Si:H in the annealed state. Note that the
absolute values of the ESR dangling bond spin densities N are nncertain within at least a factor of
10 [Favre 94/2].

Therefore, the author would like to point out that Ny is only a lower limit of the total defect
density Np; depending on the correlation energy U (and the gas dopant ratio). If the correlation
energy U is negative, the ESR dangling bond spin density Ng can be much lower than the total
deep defect density Np. Anderson [75], as well as Adler [76], studied negative correlation
energy for amorphons materials. However, it is an established practice to assume a positive
correlation energy U in the case of a-Si:H based on ESR measurements on doped samples shown
in fig.1.

In general, the correlation energy U is defined as the difference of “the repulsive Coulomb
itteraction between the two spatially correlated electrons occupying the same defect orbital" and
"the structural relaxation energy which can be gained by the defect doe to the additional electron-
phonon conpling in the doubly occupied state" [Stutzmann 85].

Dersch et al. [81] identified the maximum of the dangling bond peak in fig. | as the total dangling
bond density Ni;. Be assumed that this total dangling bond density was independent of the gas
dopant ratio and found a positive correlation energy of U = 0.4eV. Stutzmann [87] correlated the

“deep defect absorption value” of PDS spectra with the ESR_dangling bond spin density N

shown in fig.] and found U=02eV 0.1 eV.

T T

R P T e S R
(B J/ISite ) (P, f5ity ] ——= E{cV]
untddped

Fig.1: the measured ESR spin density N as Fig.2: the optical matrix element R? as a
a function of the gas dopant ratio in a-Si;H. function of the photon energy Aw for a-Si:H
[Dersch 81] and ¢-Si. [Jackson 85)
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The transport parameters:

The value of the mobility bandgap E;“"" is in the range of 1.8 - 2eV as estimated by Jackson et al.
(85], Lee et al. {89] and Dawson et al. {92]. The ratio of the charge carrier mobilities (1, /p,)
vanies between 1 and 10 in publisbed literature (see tab, 3). The Fermi-level Ep can be estimated
by the measurement of the dark conductivity & after annealing [Overhof 89) or by measuring the
thermal activation energy [Overhof 89). The threshold energies of the mobility gap (g, &,)
connect the optical bandgap (1ab.1: EJ* = 1.64 - 1.8 ¢V) with the mobility gap EF** (B = 1.8
- 2eV). Their sum (£, + £,) can then lie between 0 and 0.36¢V.

The optical parameters:

The absorption can be written as

a(h®) = C, ko R* I(he) with €y & =————

Cody [84] showed that the refraction coefficient n, vanies between 3.6 and 5 for A=0.5-2.5¢V.
As a matter of simplicity, the refraction coefficient n, is assumed to be constant here,

The atomic density p, , here, is assumed to be identical to the atomic density of c-Si. In fact, the
atomic density p, of a-Si:H depends on the specific sample and can be smaller than in the case of
¢-5i, maybe due to some large voids ("Swiss cheese"). The author expects neither absorption nor
transport within these voids. "Qutside” these voids the distances between the atoms in a-Si:H and
¢-Si are identical (see ¢.g. [Street 91]). Therefore, the author chose the atomic density p, of ¢-Si
for a-Si:H.

The ionality factor C, is then given as

Co=4.5710" em® A with p, = 510%¢cm™ and n, = 4.2

Fig.2 shows the optical matrix element R? for a-Si:H and ¢-Si as a function of the photon energy
A published by Jackson et al. [85). Unfortunately, the exact procedure of its deduction was not
published. Fig.2 is the basic reference for an energy-independent optical matrix element in a-Si:H,
but tab. 1 indicates that the absolute value of R* varies in published literature over move than three
orders of magnitude (0.9 A? and >5000 A%).

2.1.3. Deconvolition of a PDIS spectrum

From the previous section one has to note that many values of the a-Si:H parameters at thermal
equilibrinm are not strictly fixed. 1n this section the anthor introduces a new procedure for the
deconvolution of an absorption spectrum at thermal equilibrivmn. The goal of this procedure is not
to present some “very best fits", but it is (i) to fulfil as many conditions (e.g. conditions which
determine the thermal equilibrium) as possible at the same time and (ii) to find which valnes of the
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parameters at all can be fixed by a deconvolation approach and which not. In fact, in a rumerica)
work one can come vp easily with a situation where the system is overdetermined. This indeed
seems to be the case here with the system in thermal equilibrium as is defined by 17 (inpue)
parameters and by the equations of appendix B2 and some “"very best fits" conld screen an
overdetermination.

For this new deconvolution approach, the author suggests that the measored and the calenlated
absorption spectrum as well as the measured and the calculated Cody-plot have to be identical at
the same time. Further, the localised-to-localised transitions (transitions of type D, see section
2.3.2.) have 10 be dropped. The deconvolntion approaches discossed in publisbed literawre do not
neglect these tramsitions (see ¢.g. [Wyrsch 92)), but by neglecting them it will be possible o
compare the absorption spectrum at thermal equilibriuro with the absorption spectrum in steady-
state equilibrinm (discussed in section 3.2.). Note that it is an established procedure to drop these
transitions for a system in steady-state equilibriom. Furthermore, for the new deconvolution
approach the Fermi level E, has to be fixed in such a way that the measuored dark conductivity ¢,
is identical to the calculated conductivity ¢ at thermal equilibrium. And finally, postulation of the
charge nentrality of the dangling bonds (= charge neatrality of the system) is suggested (ie.
E, =Eg; + U /2, see section 2.2.4.). This postulate remains weak from the experimental point of
view (¢.g. influence of interface / surface states; accumulation of charge carriers in the dangling
bond states, see section 1.7.3.), but the numerical system discossed here does not take into
account any kind of inhomogeneities. - Note that in section 3.1.4. some cases are also discussed
where the charge neutrality of the dangling bonds is not fulfiiled ("isolated” variation in the Fermi
level E,).

One can conclude all these conditions for a system in thermal equilibrivin which are proposed to be
fulfilled, as follows:

New deconvolution approach at thermal equilibrium:

- Deconvolntion of the measured absorption spectrum ¢t(im)

- Deconvolution of the Cody-plot z, = Jfa(ho) / Ao

- Suppression of localised-to-localised transitions {transitions of type D)
~ Adaptation of the Fermi level E; to the measured dark conductivity &,

- Taking the charge neutrality of the dangling bonds int account; E; =Ep, +U/2

Wyrsch [92] discussed the deconvolution of PDS and CPM spectra at thermai equilibrivm. In
contrast, the author will calculate numerically the PDS and CPM spectra at steady-state equilibrium
in section 3.2. For the new deconvolntion approach at thermal equilibrium the author uses a PDS
spectrum and not a CPM spectrum here because it can be expected that a PDS spectrum at thermal
equilibriom is identical to a FDS spectrum in steady-state equilibriumn. In fact, the PDS spectrum is
experumentally not found to be influenced by the probe beam (= HeNe laser, see chapter 1) and it
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will be shown in section 3.2. that the pump beam can hardly influence the PDS spectrum. In
contrast, it will be shown in section 3.2. that CPM is very sensitive to the values of the steady-
state equilibrium parameters.

A PDS spectrum of an anncaled film was arbitrarily chosen for this new deconvolution approach
(sample D170293 introduced in section 1.4.4 and in appendix A2.4.: d=2.53um, T =300K,
6, =8107°Q'em™).

Four input parameter SETs were selected for the new deconvolution appreach, noted as SETI,
SET2, SET3 and SET4 with different optical matrix elements R? = 1A%, 10A%, 100A? and
1000 A? (corresponding to the wide range of values nsed in published literature and shown in

tab.1).

: : : ng 8 paramets e determine : tion (see tab.2): The
lotal defe;ct den51ty NDB, the FermJ lcvcl posmon Eg, the defect pos:t:on Em,, the effective DOS
masses T, and i, the threshold energies of the mohility gap (£, and £,) and the optical
bandgap EJ”.

The following values were not varied for this deconvolntion (see tab.2): the correlation energy U
of the deep defects {dangling bonds) were chosen as 0.2eV [Stutzmann 87], the half width Wy,

of the gaussian deep defect peak as 0.09¢V (determined by Wyrsch's deconvolution approach
[92]), the slopes of the exponential conduction band tail EY as 27meV, the proportionality factor
C, between the absorption and the JDOS as 4.5710° cm® A~ (see section 3.1.1.), the
temperature T as 300K (room temperature), the mobilities of the charge carriers as p, = 10
cm® /{Vs) and p, = | cm® /(Vs) (see chapter 2 and [Vaillant 86]).

The input and output parameters are shown in tab. 2. The occupation of the DOS, the absorption
oLy, (hoo) and the Cody plot z,(hw) at thermal equilibrivin are shown for SET 1-4 in fig.3. As can
be seen in fig.3, all four SETs fit the experimental data in a reascnable way. This means that
the aptical matrix element R! can not been determined hy this deconvolution
approach.

In fig.3, the total absorption is drawn in bold lines, the partial absorptions as straight lines and the
suppressed localised-to-localised transitions (transitions of type D) are shown as dashed lines. The
partial absorptions are numbered as followed in fig.3 (see also appendix B2.4.):

(1: Vel (6): Ve D
@ Vero ) Ve D
) Ve 8): CoDd
@) Coc %) CeD
(5): Cev (10): (verc)
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Fig.3: SET 1-4: occupation of the DOS, the absorption o, (Aw) and the Cody plot z,(k) at
thermal equilibrium. (Deconvolution of 2 PDS spectrum and of its Cody plot; sample D170293).
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INPUT SET 1 SET 2 SET 3 SET 4
R2[A}) 1 10 100 1000
Np; [em™] 2104 510" L1107 610"
E; -E, [¢V] 0.8 0.9 0.9 0.9
Eps ~Ey [eV] 0.7 0.8 0.8 0.8
m, /m, 4.25 2.5 1.85 0.5
i, /m, 425 1.5 0.5 0.36
£, [eV] 0.05 0.05 0.03 0.05
g, [eV] 0.2 0.2 0.25 0.2
E;" [eV] 1.6 1.59 1.6 1.6
UfeV] e 0.2 | e > mmcencnanasd
W, [€V]) P T > I
EZ [meV]) S 27 S >
Ey [meV] P — — 50 e — > —memeoer -
C, fem™A"%)  S— 457107 | e > — N
M, fem’ (Vs)''] P —— . 10 S > S
M, [em® (V)™ P 1 B — —> —
TjKi —— 300 | e > meemee>
OQUTPUT SET 1 SET 2 SET 3 SET 4
E;* [eV) 1.85 1.84 1.88 1.85
Ec¢on = Eg [€V] 0.85 0.74 0.73 0.75
| Eones ~Eps [€V]) 0.95 0.84 0.83 0.85
N [emeV-*?] 5.910% 2.7 102 1.710% 2.410"
Ny [em~eV 2] 5.910% 12108 2.4107 1510
Nguge [cm™eV"'] 1.310% 6.010” 2.910” 5.410%
| Ny [cm~eV™) 2.6107 5.4107 1510 6.710%
Ng,, fcm™] 4.410? 2.010% 1.110% 1.810"
N fem™) 7.610% 1.6 107 2.910% 1.910"
nlem™) 9.310° 2.510° 1.910° 15107
plem™) 6.310* 3.210° 9.210° 3.810'
o[Q'em™] 1.5107" 4107 31071 25107
Q, [cm™) +5.510" +1.510"? +2.510" +1.810"

Tab2: input and output parameters of the propased deconvolution approach at thermal
equilibrium. SET 1-4 have optical matrix elements R? that vary over three orders of magniude
different.




i e val ur 2.)

One remarks that the Jower the value of the opiical matrix element R?, the higher the total defect
density NGp of the dangling bonds; however, there is no linear correlation between these twa
patameters {see discussion of fig.34) and, additionally, the effective DOS masses (ii,, ;)
interact: the lower the optical matrix element R?, the higher the effective DOS masses (., ;).

The fact that the localised-to-localised transitions (transitions of type D) are neglected here leads to
an asymmetry in the effective DOS masses (i, 2= ff,) and/or an asymmetry in the threshold
energies of the mobility gap (£, << £,). Due to the fact that the localised-to-localised transitions
are neglected here, the partial absorption of lacalised valence band tail states to delocalised
condaction band states (v -> C) is always much larger than the partial absorption of delocalised
valence band states to localised conduction band tail states (V -> ¢). The absorption spectra,
shown in fig.3, are dominated by transitions of type B and € (even above the mability gap, here
up to 2¢V) which means that up to 2eV the tatal generation rate G, (see section 2.4.4. and section
2.4.5.) is not dominated by delocalised band-to-band transitions (iransitions of type A) either.
(The transition types A, B, C and D are introduced in section 2.3.2)

The optical bandgap (E* =1.6eV) as'well as the mobility gap (E:‘“" =1.85¢V) have remained
approximately constant for all these cases as were the threshold energies of the mobility gap
(g, =0.05eV, g, =0.2eV). Therefore, the DOS at the mobility edges (N, Nygg ) basically
increase with increasing effective DOS masses (ift,, i, ). The effective DOS at the mobility edges
(NE . N )increase with decreasing effective DOS masses (fh, fit,). Further, they are
determined by the threshold energies of the mobility gap (e,, €,) (c.f. appendix B4). Here, the
ratio of the effective DOS at the mobility gap (N, / NiT. ) was chosen to be about 1, and the
ratio of the mobilities was chosen to be i, / p, = 10. Hawever, it may be quite simple to select
some effective DOS at the mobility gap with a ratio of Ngy,, / Nif, = 10 and some charge carrier
mobilities with a ratio of [, / p, = 1. Both of these altemate cases resuit in the same conductivity
at thermal equilibrium.

The conductivity at thermal equilibrium is determined by the effective DOS at the mobility edges
(NZ ., N ) and tbe Fermi level pasition E;. In SET1, E; —E, [¢V] was chosen as 0.8¢V.
In SET 2-4, E; —E, [eV] was chosen as 0.9¢V. Due to the charge neutrality condition of the
dangling bonds (Ep, = Ep — U/ 2), this Jead to a change in the defect position E, with a resulting
change in the absorption below 1.1eV. Whenever the charge neutrality condition of the dangling
bonds was taken into account, the total charge Q, was still not exacily zero and was dominated by
the charge in the valence band tail (see DOS in fig. 3 and discussion in section 2.2.4.).

The goal of this deconvolution was not to present some "very best fits” but to test the proposed
deconvolution approach. Whenever the optical matrix elements R* vary over three orders of
magnitude, one recognises that the partial absorptions in fig. 3 look quite similar for the four
parameter SETs because of the suppressed localised-to-localised transitions,
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For the following numerical analysis, SET2 has been chosen becanse the effective
DOS masses (m,, 1it, ) and the optical matrix element R? correspond in a reasonable way to the
values of Jackson et al. [B5] and of Ley et al. [87], shown in tab. 1.

Note that the deep defect absarption value of this PDS spectrum is given as Oy (1. 26V) = 8em™,
which cotresponds to a total defect density of Niy, = 1.6 10”cm™ while vsing the calibration
formula of Wyrsch et al. [91] (discussed in 3.1.1. and in appendix C2). This total defect density
valne could even be lower, if the PDS spectrum is influenced in the deep defect absorption range
by interface / surface states. In contrast, the total defect density (Ngy = 5107 cm™) of SETZ is
higher by a factor of 2-3 due to the small value of the optical matrix element of SET2 (R? = 10A?)
assumed here,

The plots shown in this section are based on the parameters of SET 2. The goal of this section will
be to get an idea of the sensitivity of the different parameters on the absorption spectaum. It has to
be pointed out that, basically, one parameter is varied while the other parameters are kept constant,
This section is important to isolate the critical parameters controlling the absorption spectra.

The band parameters of the standard DOS (cf. fig.4):

The variation in the optical bandgap E leads to a shift of the absorption spectrum on the
horizontal axis. The variation of the optical matrix element R* leads to a change in the absorption
spectrum in the vertical axis under the assurnption used here that the optical matrix element is
energy-independent and identical for transitions of types A, Band C.

The value of the gffective DOS masses th, and t, can also influence the whole absorption
spectrum. In the range of the band-to-band transitions, the absorption increases due to an increase
in the effective DOS masses ' similarly, the absorption increases due to an increase in the
optical matrix element R?. Therefore, a low optical matrix element R is related to a high value of
the effective DOS mass 1’ for the same absorption spectrum.

The signe of the exponential conduction band tail E¢ influences the absorption spectrum only in
the case of nnrealistically high valoes. Otherwise, the absorption spectrum is quite insensitive to
the slope. Eg of the exponential conduction band tail. In contrast, the absorption spectrum is

strongly influenced by the slope of the expopential valence band tail EY. One recognises that the

absorption spectrum shows no discontinuity, due to the coanection point introduced in chapter 2.

The valence band threshold energy £, of the mobility gap does not seriously influence the
absorption spectrum, In conirast, the conduction band threshold energy €, of the mobility gap
influences the absorption spectrum in a similar way (o a change in the optical bandgap EZ™'. The
Cody-plots woald also be influenced by the variation of the threshold energies.
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Fig.4: influence of the band parameters on the absorption o, (h®) at thermal equilibrium.
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The defect parameters of the standard DOS (cf. fig.5):

The gtal deep defect density Ny, is proportional to the absorption in the deep defect range. This
relationship is psed in the determination of N, from the single-energy absorption o, introduced
by Wyrsch et al. [91] (see also appendix C2). The vadation in the half width of the danglipg bond
peak W leads to no change in the absorption spectrum, except if one takes very large values for
i, so high that a part of the peak is outside the mobility gap and, thus, the numerical integration is
incomplete (this is the case for Wy, = 1eV in fig.5). Therefore, the author would like to peint ont
that the half-wideh of the dangling bond peak W, cannot be deduced from the deconvolution of
an absorption spectrum.

An "isolated" variation of the correlation energy U violates the charge neutrality condition of the
dangling bonds. Therefore, in a second plot, the correlation energy U and the deep defect energy
position Ej; were both varied, while the Fermi level position E, was kept fixed in such a way
that the charge nentrality condition of the dangling bonds was fulfilied (Ep; = E; -U/2). An
inflnence on the absorption spectrum can only be observed for photon energies below 1eV.
Otherwise, the absorption spectra are very similar.

The “isolated” variation in the dangling bond position E,z. with a fixed Fermi level position E,
leads to a dramatic change in the absorption spectrum in the deep defect range (neglecting the
charge neutrality of the dangling bonds). In a second plot, the dangling bond position Ey; and the
Fermi level posidon E, were varied, while the correlation energy U was kept fixed in such a way
that the charge neutrality condition of the dangling bonds was fulfilled (E; = E, +U/2). An
influence on the absorption spectrum can only be observed for photon energies below 1.2eV.
Otherwise, the absorption spectra are very similar in the second plot.

The Fermi level position (cf. fig.5):

The "isolated” variation in the Fermi level position E; is of fondamental interest. A priori, a
variation in the Fermi level position violates the charge nentrality condition of the dangling bonds
(Q, =N, If the Fermi level E; is close to the mobility edges, the tail states are occupied and
dominate the absorption spectrum in the deep defect range, as can be seen (transition 3: V <& v or
transition 4:C & ¢) (see also fig.27 and fig.28).

From this sensitivity analysis, the author concludes that the width of the defect peak W, the
defect level position Epy and the correlation energy U cannot simply be determined by the
deconvolation of a PDIS spectrum. Farther, the “isolated" variation in the Fermi level position E;
always leads 1o a violation of the charge neutrality condition of the dangling bonds. Note that the
influence of all these parameters on the absorption spectrum o(he) at thermal equilibrinm is
expected to be similar at steady-state equilibrium. Buot in addition, the influence of the "steady-state
parameters” (e.g. the capture cross sections) has to be analysed in the next sections.
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thermal equilibrinm.
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3.2. The system _in steady-state equilibrium

In the previous section 3.1., the system of a-Si:H was studied in thermal equilibrivm (no
illumination). In this section, the system of a-Si:H is "illuminated by a pump beam" {cw-mode),
which means that the system is in steady-state equilibrium. This will allow one to analyse the PDS
and CPM techniques at steady-state equilibrium. To analyse these techniques at thermal
equilibrium is - a priori - a simplification (corresponding to the deconvolution at thermal
equilibrium). The steady-state equilibriom is computationally defined by solving the rate equations
(see section 2.4.8.}. Due to the long calculation tirnes that would have been involved, it was not
possible to execute a full deconvolution of a measured PDS or CPM spectrum at steady-state
equilibriom. Neventheless, the numerical calculations that have been performed in this section will
open new understandings in reference to these two absorption measurement techniques.

The system of a-Si:H in steady-state equilibrium is introduced and discussed in chapter 2. The
comesponding definition equations for the following numerical analysis of this system in steady-
state equilibrium are shown in appendix B1 and BS. The numerical discretisation (LDS) used in
this section is shown in appendix C3.

Note that the numerical system studied bere is not limited to photon energies larger than the
mobility gap (ko > E:‘"") which means that the photon energies can also be smaller than the
mobility gap (Ao < E;‘”)‘ This will allow one to analyse CPM and PDS in steady-state
equilibrivm.

On the basis of the standard DOS introduced in 2.1., of the transport concept introduced in 2.2.
and of the steady state equilibriuin concept introduced in 2.4., the system in steady-state
equilibripm is determined by the following parameters (input):

standard DOS: EX, t;, m,, E2, EY, NGt Epg, Wps U
transport properties: €, &, Lo By, T, v, v,
Qu(Ep), NG, NUe

Cr0ss sections: T Gpps {conduction band)
s o (valence band)
G Ops O Ty {defect with comrelation energy)

optical properties: C,y: R, @y, A

The systemn in steady-state equilibrium discussed here is determined by 31 parameters! In section
3.2.3., these input parameters will be reduced and in section 3.2.4., a strategy will be presented in
order find some “reasonable” values. However, the remarks concerning the overdetermination of
the system given in section 3.1.4. are still valid here.



As numerical resnlts, one gets the total conductivity 6,, and the total generation rate G, a5 a
function of the incident photon flux &, and of the phaton energy % (output):

conductivity: 0\ (i, D)
generation rate: G, (ha, @)
charge densities: n, p, 0, p,, Npg, Ngg

The total conductivity &, (A, ©,) will be vsed to analyse CPM (cw-mode). The total generation
rate G, will be used to analyse PDS. The total charge of the system Q,(E;) and the effective
DOS (NI, NiT ) can be calculated from the system in thermal equilibrium.

. The param i i ite

In grder to determine the parameters of the system in steady-state equilibrium, the anthaor first
analysed the valves given in published literature. Tab. 3 gives an overview of the parameters used
for the modelling of the photo conductivity of a-Si:H. All these references used photon energies
larger than the mobility gap (o > ET®).

In general, the photo condnctivity of a-Si:H is caleulated while the effective DOS at the mobility
edges (N, and NIt 3, the band-to-band generation rates Gy, (only transitions of type A) and
some recombination levels are taken into accouat. Vaillant and Jonsse {86] calculated the photo
conductivity for a four-level system: the exponential tail states were approximated by two levels
and tail state recombinations were neglected; the dangling bond distribution was approximated by
two further energy levels. Their numerical results are the standard reference which indicates that
the dangling bond occupations do not differ significantly from the thermal equilibrivm occupations
for generation rates below 10"cm™s™", Later, Vaillant et al. [88) presented some analytical
expressions for the case of exponential tail states in a-Si:H and thereby calculated the photo
conduetivity as a function of temperahure,

In tab.3, one can note the uncertainty in the capture cross section values. Further, the values of the
effective DOS, given in some references, differ from the analytical approach presemted in appendix
B4. All references in tab.3 show symmetrical bands. Some references used acceptor-like and
donor-like deep defects with an infinite correlation energy. In these cases, the correlation energy
U, shown in tab. 3, corresponds to the difference between the two ionisation energies
(recalculated here). Some publications do nat fulfil the charge neutrality condition of the dangling
bonds (E, = E; — U/ 2) in thermal equilibrium, as indicated in tab.3.
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Reference vee) | [ves] { 1k91) I 891 | [R9) | (K921 | [F94)
Type layer | layer layer PIN PIN PIN PIN
Charge neutrality non non yes - - - -
E [eV] - 1.8 1.75 175 1 1.9 1.72 1.8
E [eV] 1.8 - - - 1.72 - -
N = Nymas [cm™] 10 - 1.2510%° [ 1.510° | 210® [ 210* | 310%
| Ny = Ny lem”eV] | 107 510" | 210 - 3107 | 3107
E¢ [meV) x| 25-50 27 30 27 7 30
EY (meV] » | 65-80 50 50 50 45 45
NP fem™) 5109 | 10™- 0% -107 | 510% | 310" 610" | 10"
10" -510° 10"
Epp = Evpar [€V] 0.9-1.1| 085 0.92 0.75 | =066| 093 0.8
UleV] 04 | 04 0.26 04 |05+ 022* | 0.3
W, [€V] - . - 015 | 0.15 | 0.06A -
0.1D
Er —Evny [eV] - 0.9 1.05 - - - -
i, [em?(Vs)y"] 10 10 10 10 20 10 10
w, [cm*(Vs)™") 1 1 1 10 2 2 1
T K] 300 |variablef 300 300 | 300 200 300
v, =V, [ems™'] 107|107 10’ w0 | 107 10’ 107
033 [cmzl 3107 | 3107 1016 107 107 107 1o
S [ Obs 550 | 50 10 100 |10 100 10
o, [em’] - 105 | 10 10" | 10 | 10
o, /a; - 1 1 10 100 10
DOS discretisation 4 22 ? ? 14 | analyt.

Tab.3: parameters found in published literature for the numerical analysis of the a-Si:H photo

conductivity in steady-state equilibrinm in the case of undoped layers ("layers™) and in the case of
the i-layers of PIN solar cells ("FIN").

Note of tab.3:  *  deep defects without a finite comrelation energy:
acceptor-like ("D") and donor-like ("A”) defects;
** two tail levels, recombination suppressed

References of tab.3:

[V86] F.Vaillant and D.Jousse, Phys. Rev. B, 34 (1986) 4038

[V883] F.Vaillant, D.Jonsse and J.-C.Bruyere, Phyl. Mag. B, 57 (1988) 649

[K91] ].Kocka, C.E.Nebel and C.D.Abel, Phil. Mag. B 63 {(1991) 221

[M89] A Mittagi, et.al., L.Appl.Phys. 66 (1989) 2667

[R92] F.A.Rnbineili, $.J.Fonash and J.K Arch, PVSEC-6, New Deihi, India, February 1992
(K92} W.). Kopetzy, thesis, Technische Universitit, Munich, 1992

[F94] D.Fischer, thesis, University of Neuchitel, 1994
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Following are some remarks conceming the numerical analysis of sub-band-gap photo
conductivity in a-Si:H (ko < E:"‘")‘ Bube et al. [92] presented the first namerical calculations of
CPM while applying Lucovsky's ¢-Si absorption model [65] to a-Si:H. They used very large
capture cross sections (discussion see appendix C4) and neglected the thermal emission
probabilities. Bube et al. [92] concluded that CPM only worked under some specific conditions
(e.g. corresponding to the first CPM condition, see chapter 1). Platz et al. [93] presented some
CPM calculations, based on a model with an accepior-like and a donor-like deep defect peak
without a finite correlation energy. In conirast to the conclusions of Bube et al. [92], Platz et al.
[93] concluded that CPM is insensitive to the Fermi level position E as well as to the capture
cross sections of the deep defects. Furthermore, they assumed identical mobilities and found that
the majority charge carrier of the CPM current can change as a function of the photon energy Aw,
without an influence on the CPM spectra. Mittiga et al. [90] analysed CPM on solar cells for a
deep defect without a finite correlation energy. He concluded that CPM on solar cells detect the
deep defect density only within a factor of 2, under the assumption that the recombination ¢an be
neglected.

Note that the sysiem in steady-state equilibrium tiscussed here takes into account the thermal
emssion probabilities and the defect-to-band generation probabilities. A defect peak with a finite
correlation energy was chosen for deep defects, It acts in a different way to an acceptor-like and a
donor-like deep defect peak without a finite correlation energy (see chapter 2).

3.2.3. Reduction of the i

The author introduced the following reduction of the parameters of the system in steady-state
equilibrium. The thermal velocities of each charge carrier type were assumed to be egual and fixed,
corresponding to the references of tab.3 (discussion see appendix C5):

thermal velocity: Vo= v, =V, =107ems™

Continuing, the author followed the arguments of Vaillant and Jousse [86] and nsed only two
capiure cross section values for the dangling bonds ¢® (neutral) and 6%~ (charged), instead of the
four capture cross section values 6,, ©,.6,, and G,, used in chapter 2 (defect with a finite
correlation energy).

neutral dangling bond states: 6'= 6,=06,
charged dangling bond states: ¢ =0, =0,
ratio: oy =0 /6°

Finally, the author assumed that capture cross sections of the localised band tail states are all
identical, mainly with the argument that the physical origin of the exponential tail states is
contradictary {(see chapter 2):

localised band tail states: 6, =6,=06,=0,=0,



Note that the recombination by these localised band tail states is taken into account here,
additionally to the recombination by the deep defects. Some remarks concerning the capture cross
sections are given in appendix C4. In contrast to crystalline semiconductors, no physical approach
exists to calculate the capture cross sections in amorphous semicondnctors,

Adtimona.lly to the paramelers detemumng the system in thermal cqulllbnum {(see section 3.1.1.),

J the capture cross section of the

+f=

capture Cross sections of the danglmg bonds (c’and ©
localised band tail states ¢, and the properues of the pump beam (incident photon flux &, and
photon energy Aim).

From the apalytical analysis given in chapter 2, one can expect that the svstem in steady-state
equilibrium is deterrnined basically by the following three important ratios:

pp =G/ 6° The =6, /0° 8, =R/ 6°

Iy corresponds to the ratio of the charged and the nentral dangling bond capture cross section,
Iy, 10 the capture cross section ratio of the localised band tail states and the nentral dangling bond
states and 8, to the ratio of the optical matrix element and the nentral dangling bond caphure cross
section. The latter was already introduced in 8 more general way in chapter 2.

The anthor selected SET2 (of tab. 2) from the deconvolution approach at thermal equilibrium (see
section 3.1.3.) as the set of fixed parameters for a further stady. For the calculation of the steady
state equilibrium, two cases of the important ratios (rpg, Iy, 9ps) were selected on the one hand,
on the other, two different values of the total deep defect density N'% (510" cm™, 510" em™)
were chosen, These two values correspond approximately to those of an annealed and of a light-
soaked sample, respectively. The Fermi level position E, was not changed between these sets.
This lead to SET a, SET b, SET ¢ and SET d, as shown in tab.4.

Parameters: SET a SETb SET ¢ SETd
o’ [cm’] 107" 107 107 107
c*" [em’) 107 107" 10 10"
o, [em?] 107" 107" 107 107
N [em™) 5107 510" 5107 510"
| rps =0 /0’ 1 1 100 100
| 1y =0,/0° ] 1 10 10
8y =R?/ 0" 1 1 10 10

Tab.4: parameters in order to calculate the steady-state equilibrium (inpuot).
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For SETs 2a&b, all capture cross section were chosen to be identical to the optical matrix element
R?, which means that the corresponding ratios are all equal to one (cf. tab.3):

SETs 2a&b: Ipg = I = §pp =1

For SETs 2¢é&d, the capture cross section of the charged dangling honds were jncreased by a
factor 10 and the capture cross section of the nentral dangling bonds were decreased by a factor
10. This lead to a ratio ry,, of 100 between the charged and the uncharged dangling bond capture
cross sections (cf. tab.3):

SETSs 2c&d: dangling bonds: ¢*" = 107" em? (charged)
a®=10"% em®  (neuwal)
else: G, =R*=10 A= 10" em?

For SETs 2a&g, the total deep defect density Ni5% is high (5107 cm™) and for SETs 2b&d, the
total deep defect density N'% is Jow (510" cm™).

Note: Whereas the deconveolution in thermal equilibrium (presented in section 3.1.3.) was
calculated with the discretisation set HDS, the following results in steady-state equilibrium were
calenlated with the discretisation set LDS (see appendix C3). Therefore, the optical bandgap of
SET2 was changed from E:P‘ =1.59eV (HDS) to 1.6eV (LDS). Note further that all numerical
results for the PDS analysis (based on SETs 2a-d) are shown in appendix C7, whereas all
numerical results for the CPM analysis (based on SETs 2a-d) are shown in appendix C8; but only
some of them will be used for the discussion in the following two sections.

The motivation to analyse PDS in steady-state equilibrinm is to check if the occupation function
changes under the illumination of the spectrally dependent pump beam in such a way that the PDS
absorption otpps(Am) does not comrespond to the absorption o, (A) at thermal equilibrium. In
principle, this could indeed be a possible reason for the large differences between CPM and PDS
experimentally observed in the deep defect absorption range (As mentioned in section 1.7.3d, the
test tums out (0 be negative. The reason must be elsewhere).

The PDS signal is proportional to the tota] generation rate G, (k) and the PDS absorption
Olppe (F) is then given as follows (under the uniform absorption condition, numerically studied
bere; oo d <<1):

Opps(P0) = qu@ with @, = constant
13

For the nurnerical analysis of PDS, the incident photon flux &, is assumed to be constant with a
valne of @, =510"cm™s™. Fig.6 shows the total generation rate G,,(h@) at steady-state
equilibrium for the four parameter SETs of tab.4. No differences for different capture cross
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sections are observed. Fig.7 shows the ahsorption affi®), calculated either as the absorption
o, (hw} at thermal equilibrium (commesponding to the deconvolution approach) ar as the PDS
absorption ©,,(A®) at steady-state equilibrium (corresponding to fig.6). No differences of the
spectra between the system in thermal equilibrinm and the system in steady-state equilibrium are

observed.
PDS SET 2 PDS&absorption

102 pprrrprerpee e D L L A A LA Lt LA
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Fig.6: the total generation rate G, (i) with
a constant incident photon flux &, of
510%em™%s™ in steady-state
equilibrinmy).

(system

E[eV]

Fig.7: the PDS spectra o, (A®) at steady-
state equilibrium (SETs 2a-d) and the
absorption o, (h®) av thermal equilibriem
(SET 2).

From figures 6 and 7, one may conclude that PDS is not sensitive to the capture cross sections,
that the occupation functions in steady-state equilibrium (i.e. during the PDS measurement) are
identical to the occupation functions in thermal equilibrium, and that PDS can be deconvoiuted by

the thermal equilibrium approach.
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Fig.8: numerical analysis of PDS: densities {n, p, B,. p,, Npg>» N%, Npg) as a function of the
photon energy he. Straight lines = system in steady-state equilibrivm (SET's 2a-d), dasbed lines =
system in thermal equilibrium (SET 2).

Fig.8 shows the densities {n, p, n,, p,» Njs, Npg, Npg) as a function of the photon energy ko,
corresponding to the four parameter sets (SETs 2a-d) and corresponding to the numerical results
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of fig.6 and fig.7. As one can note, the “occupation” of the three dangling bond states (N},
Npe. Ngp) is almost identical to the thermal equilibrium "occupation” for photon energies
hi < 1.5eV . Therefore, this numerical analysis confirms (at least for this numerical case) that
PDS measures the absorptlon spectrum correctly, under typical PDS measurement
conditions (@, = 510" cm™s™), provided one neglects all effects of inhomogeneities (such as
inhomogeneous illumination, inhomogensous defect distribution or surface / interface states).
Fig.9 indicates for the parameter SET 2¢ (system in steady-state equilibrivm} that the incident
photon flux 4, (= pump beam intensity) influences the PDS spectrum only for unrealistically high
valves (B, > 510%cms™).

PDS&absorption

108 PP

101 %[cm-?s-l] -

te- — £ 1024 -
E A {21

g 102~ Y .

=] 1w -

100

NI FPT ST TP T PP I

1 e T 12141618 2
E[&V]

Fig.9: PDS spectra otppg(%iey) calculated with different incident photon fluxes ¥, (System in
steady-state equilibrivmn: parameter SET 2c¢).

From this section, one can conclude that the PDS spectrum ot {%60) at steady-state equilibrium is
identical to the absorption spectrum o, (f¢3) at thermal equilibrivm. There is no indication that the
different defect-to-band generation mechanisms (as discussed in section 2.4.6. and in section
1.7.3d) influence the PDS spectrum oty (ko) in such a way that it could not be deconvoluted by
the approach proposed in section 3.1.3.

.2

The motivation for this section is to check if a CPM spectrum o, (A®) corresponds to the
absorption spectrum ¢, (h®) at thermal equilibrium. Further, one would like to know the
dominating parameters which determine the CPM conductivity O, as a function of the photon
energy sy and the incident photon flux v, #t). Conceming the CPM conditions introduced in
chapter 1, the main interest concerns the CPM "working point" which has to be spectrally-
independem (second CPM condition).

The relative CPM spectrom G, (Am) is inversely-proportional to the incident photon flux
D, () if the CPM conductivity Gy, is kept constant [Vanecek 81):

Oy () o= with Oy = Cepy O, = constant

1
O, (hw)
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The CPM_factor ¢ corresponds to the ratio of the CPM conductivity O, at steady-state
equilibrium and the (dark) conductivity o, at thermal equilibriumn. For the numerical analysis of
CPM in this section, the CPM factor ¢, has been chosen as 5 (similar to the experiments nsed;
see chapeer 1). Further, the CPM conductivity G, i$ kept numerically constant with an accuracy
of 1% (similar to experiments, see chapter 1): for each photon energy A, the cotal conductivity
G, (hw, ©,) was numerically recalculated while changing the incident photon flux &, untit
O (f0), ) = Gy

CPM&absorption CPM SET 2
Al I b 1018 prprrpeee e
104 O Some 08
= N
[ o gy (20 _-—-10*5~>~:-——-¢--_._SE_U’;-
- 102} - ) . SET
E‘ : : E‘]OI?_ ....... _l
2 100[ §
o “I S . SET2b
10.2_0 - 10 "’\—"'x.__.__._‘
1 T PR AT 1T P PR T P T L P
0 T 15141618 2 o e T 5141618 2
E[eV] E[eV]

Fig.10: CPM spectra O, (A®) at steady- Fig.11: the total gemeration rate G, (hw)
state equilibrium (SETs 2a-d) and absorption {corresponding to the CPM "working point")
spectra &, (@) at thermal equilibrium (SET for the CPM spectra O, (k@) shown in
2): the CPM spectra are calibraied in the band fig.10 .

absorption range with ¢t (k®).

Fig.10 shows the CPM spectra ¢, (A0} at steady-state equilibrivm for the four parameter SETs
of tab.4 (CPM conductivity Ggy of 1.4107%(Qcm)” = 5 &,. comresponding to sample
D170293). The CPM spectra Oty (td) were calibrated in the band absorption range with the
(absolute) absorption spectra t, (@) at thermal equilibrium, which are also sbown in fig.10. One
can see that the CPM spectram O, (A6} is approximately ldentical to the absorption spectrum
o, (ho) at thermal equilibrium in the case of identical capture cross section ratios (rpp = Fyp =
0,,=1, SET2a&b), whereas for different capture cross section ratios (rps # Ips # Opg,
SET2c&:d) this is not the case: for a high deep defect density (SET2¢), the CPM deep defect
absorption value O, (1.2¢V) is underestimated by a factor of 4.4, whereas for a low deep
defect density (SET2d), the CPM deep defect absorption value &, (1.2¢V) is underestimated
by a factor 2. Further, the CPM deep defect absorption value O, (0.8¢V) is underestimated in
all four cases.

Independent of the total deep defect density Npg, the CPM spectrom Ctepy (A®) is not equal to the
absorption spectrum o, (A0y) at thermal equilibrium if not all capture cross sections are identical
(SET 2c&d). Furthermore, the total generation rate G, (R) - shown in fig.11 - is then spectrally-
dependent (the second CPM condition is not fulfilled, the CPM "working point" is spectralty-
dependent, cf. chapter 1). Finally, the total generation rate G, (Aw) (cf. fig.[1) is spectrally-
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dependent - independent of the capture cross sections - in the very low photon energy range (e.g.
ROSE™/2).

CPM SET 2a CPM SET 2¢
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Fig.12: Numerical analysis of CPM: densities (n, p, n,, p,, N5g, NOg, Npg) as a function of the
photon energy . Straight lines = system in steady-state equilibrinra (SETs 2a-d), dashed lines =
system in thermal eqnilibrium (SET 2).

As one can see in fig.12, some of the densities (1, p, n,, p,» N5z, Npg, Npp) are different from
the thermal equilibrium densities. The density n of the majority charge carriers is constant over the
whole spectra, whereas the density p of the minority charge carmiers varies for all four sets in the
same manner. The carrier density N3, of the neutral dangling bonds is also constant over the
whole spectra. This means that the CPM pump beam catnot change the "occupation” of the
dangling bond states in such a way that the absorption spectrum would change. For SETs 2b&d
(dower defect densities) in the range of the tail absorption, the density p, of the localised holes is
identical to the density Ny, of the negatively charged dangling bonds.

The partial rates (recombination R;;, generation G, and thermal emission T;) - defined in
appendix B3.4. and shown in fig.13 - are rather confusing. However, one can see that the partial
generation rates G, which dominate the total generation rate G, are always smaller than the
corresponding recombination R; and the thermal emission rates T;: this means that these
parameter sets used here seem to operate in region IV introduced in section 2.4.6. (for only one
defect level); note here that each rate comresponds to an integral over the DOS. Concerning the
naderestimation of CPM in the case of different capture cross sections (SETs 2c&d), one is left
with the observation that the total generation rate G, (@) is spectrally-dependent (see fig.11), but
its origin could not be deduced from these plots.

The occupation functions and the occupation of the DOS (shown in appendix C8) are very difficult
to analyse and discuss. Bur they do not provide any indication of the underestimation of CPM in
the case of different capture cross sections (SETs 2c&d). - A simple, possible interpretation of the
numerical results (especially of the underestimation of CPM) will be given in section 3.3.



recombination rate R;; generation rate G;; thermal emission rate Ty,
—— -y ——— ey —_—s—C-v o V.v C-v iy W v
—a—C.c —t— V-2 —a—C-c — V- 8—C-¢ —s— V-
o --C-Do EEREE STERNR TN 5 - O D e WL DO e 0L D e WU
B C-D cheees WL DR B PP s VoD B C.DY eeaee VOD
Gtol ——V-C
CPM SET 24 CPM SET 2a
10220 1022 e 1022 o
10201~ 1020 - 100 -
=..|0:s—1 £ 113 A = 108 7]
T 1me- T 108 = & 108 -
9, o g8 - -~ S i Breenen PR
=114 =1{4 e I3 L L . -
F1oe S0 5 Elo __;,a“ .
10‘2_: 10'3 — 10]2.__'""0 ...... [ e s =]
. ol L T T o d et U NN R AR VRN
s T 21416182 % T3 1né18 2 08 1 13741618 2
E [eV] E[¢V] E[eV]
CPM SET 2b CPM SET 2b CPM SET 2b
1022 T 1022 prprrrpeerprrr O 1022 o
1020~ - 1020} - 1020 -
= 108~ -1 =108 - =1 ]
.=<> ™. . .59 [~ o & w‘ 7
1016} e 16|~ -] 1sf- B
é—"lﬂ": ] 3*10”: ] [_5'10“: ]
12 n 102 a 102 .K‘.v...m‘:-'“.ﬁ. ]
1orotindo Lartrertrentnety] 4ol Jorolkin g L din Lo Lol
081 12141618 2 08 112141618 2
E [£V) E[eV]
CFM SET & CPM SET 2¢
1022 e 1022 Imelllélllll!lll AP SRS L
an - ol -
o 7 102 N 7
" . =108 ]
b - x:} - —
- . & 106 —
B ] g N -
: : [_,.*:1014: A_o_:_.::x ...... 5 :
- n IE| B D pyorecoull
100 oLt Lo ettt oot 1oLk : ]019".""“-'"""“'J"""‘E"-
081 21416182 08]12I4]6182 08 1 12141618 2
E [eV] E [eV] EeV]
CPM SET 2d CPM SET 24 CPMSETZd
1012 G RERF \RENREAF LLEE RS LN ]023 LA AL MR R RA LS LAY RELY L) ]0@2 L LS AAEFALLE ERAF AR T
1020 4 10%0F I .
=108 1 = 108 - 10 ]
o — — — el i e -
'E 106 . ": 1016 ~ g 10 -
B J § g | - i
'1'-]014-_- ] ‘(?J'-_-.]ou T4 ]
oz~ - 1o 1L
A RN R T TN Wi AR AT PRI A
00 T 3141682 198 1121416182 WO aTai818 2
E [¢V]) E [eV] E [eV]
Fig.13: numerical analysis of CPM: partial rates (bold = total generation rate G, ).
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From this section, one ¢an conclude, that CPM spectra depend on the capture cross sections and
that CPM spectra do not generally correspond to the absorption spectra, even in the case of
identical capture cross sections for all states, in the very low photon energy range (e.g.
RO<EF™/2). But, one can note that the CPM pump beam cannot change the "occupation” of the
dangling bond states in such a way that the absorption spectrum would change (cf. fig.12).

2.7. Sensitivi

Whereas in section 3.1.4., the sensitivity analysis of the absorption o, (%®) at thermal
equilibrinm was presented and discvssed, the same sensitivity analysis of the CPM absorption
ey (R) at steady-state equilibrium and of the PDS absorption 0, (h®) at steady-state
equilibrinm will be presented here. The cemarks (given in section 3.1.4.) conceming the variation
of one parameter at a time are still valid here. Besides the variation of the parameters of the
absorption ¢, (A) at thermal equilibrium in section 3.1.4., the parameters which determine the
steady-state equilibrivm are varied here (capture cross sections: 6, ¢°, 6", v, ; optical
properties: @, he; see section 2.3.2.). Whereas in section 3.1.4,, the absorption o, (i) in
thermal equilibriom was presented on an absolute scale, here, the spectra ¢, (A0), Oy, (A0) and
O pps (i) are calibrated at (%@ = 2e¢V) = 12 544cm™, This allows one to compare these relative
spectra in a simple way. For this numerical analysis, the inpnt parameters of SET2¢ (see tab.2 in
section 3.1.3. and tab.4 in section 3.2.4.) and the discretisation set LDS (see appendix C3) have
been chosen. In this section, only some main aspects will be presented and discussed. The details
and the complete, numerical resolts (plots) are given in appendix C6, whereas bere only the
numerical results of the interesting cases will be discussed.

As a general numerical result, one can note that, for all cases of this sensitivity analysis, the PDS
spectra O (Aw) are identical to che absorption spectra @, (A@) at thermal equilibrivm. In
conirast, CPM spectra are sensitive to the capture cross sections and to a change in the type of
majority charge carrier. For the other variation of the parameters, the CPM absorption g, (h03)
follows the trends of the absorption o, (A®) in thermal equilibrinm (details see appendix C6).

Note: As far as this nugnerical sensttivity analysis of the important parameters of CPM and PDS
is concerned, the author has to point out that these numerical resnlts - as any numerical
results - are, in principle, strictly related to the parameter chosen (here SET 2¢)
and to the numerical system discussed here. However, further analysis will indicate that
the observed "CPM effects” can also be expecred in other parameter sels.

Numerical variation of the capture cross sections (parameter SET 2c):

In fig.14, the deep defect absorption value a(1.2eV) is shown as a function of an assnmed

“upjversal” capture cross section &,, =6, = 6° = ¢*'". One can see cthat CPM and PDS are not

influenced by this parameter G,,. This means that the ratio 8y, = R’/ between the optical
matrix element R* and the capture cross section ¢° does not influence the absorption spectra, as
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wauld be expected from the analysis of the defect-to-band generation mechanism (discussed in
section 2.4.6.). Further, this means thac the absolute value of the capture cross section does not
influence the relative CPM spectra.

In fig. 13, the deep defect absorption value 0(1.2eV) is shown as a function of the localised band
tail stateg capture cross section o,. Ome can see that the CPM spectrum changes if this capture
cross section ©, is larger than the largest capture cross section of the dangling bonds. Fig.16
shows such CPM spectra, which could not be observed experimentally. In terms of
Ipp 26 /6° and 1}y = 0, / 6°, this means that the ration r}, / rp,; has to be smatler than ane.
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In fig.17, the deep defect absorption value «(1.2eV) is shown as a function of the peutral DB
capture cross section G°. In fig. 18, deep defect absorption value c(1.2eV) is shown as a function
of the charged DB capture cross section 6%, Fig.19 combines the results of fig.17 and fig.18:
deep defect absorption value ratio ¢, (1.2eV)/ et g, (1. 26V} is shown as a function of the DB
capture cross section ratio r, ="'~ /6°. One car see that the CPM deep defect absorption can
indeed be underestimated if the capture cross section ratio 1, = ¢*'~ /¢° differs from 1.

Numerical variation of the mobilities (parameter SET 2¢):

The CPM current Gy, is given as o =e{pu.n+p,p}. The sensitivity of the mobilities will be
discussed here. In fig.20, the CPM deep defect absorption values 0oy, (1.26V) and o, (1.0eV)
are shown as a function of the electron mobility p, . Fig.21 shows the corresponding CPM specira
Otppe (740} under the vaniation of the mobdlity ratio g, /|, . One can see that the spactra remains
identical as long as the mobility ratio [, /i, is larger than 1 or equal to 1. Otherwise, the CPM
spectra below A = 1.2eV are strongly underestimated. Fig.22 shows the charge carrier
densities n and p for the specific case of |1, =100 n, {mobility ratio 1, / p, = 0.01). One can see
that in the case of underestimation (i.e. hwo< 1.2¢V), the CPM conductivity
Ogu =¢(p, n+p, p) is constant, but both charge carrier densities are spectrally-
dependent: n{#®) and p(Aw). This means that the third CPM measurement condition is not
fulfilled here. Similar effects can also be observed for p-type material in the case of p, /p, > 1
(see in the following the numerical variation of the Fermi level E).
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Fig.20: CPM deep defect Fig.21: CPM spectra Fig.22: charge carrier
absorption values ¢{1.2eV} Copy(ho) for different densities n and p for the

and ¢(1.0eV) as a function mobility ratio p, /1, specific case of L, =100,
of the electron mobility p, . (mobility ratio p, fp, =
0.01).
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Nomerical vartation of the CPM conductivity (parameter SET 2c¢):

The CPM current Geg, is given as & =e{p n+ (i, p} with Gy, = Gy G4 Here, the sepsitivity
on the CPM conductivity Gy, and the CPM factor ¢y, is discussed, In fig.23, the CPM deep
defect absorption values O, (1.2¢V) and 0, (1.0eV) are shown as a function of the CPM
factor cppy, . For very low CPM factors ¢y, the CPM deep defect absorption values increase.
This behaviour is related to a spectrally depepdent CPM “"working point” in the ¢w-mode
(discussion in the nex¢ section 3.2.8., see fig.30).

Numerical variation of the deep defect density (parameter SET 2¢):

The main interest of CPM is to identify the deep defect absorption value with the total deep defect
density Np, (see section 3.1.2. and appendix C2). Fig.24 shows the CPM and PDS specira at
steady-state equilibrium, while the total deep defect density Np, is varied. In fig.25, the
comesponding deep defect absorption valne ot(1.2eV) is shown as a function of the total deep
defect density NT;,. From these two figures, one can conclude that the nnderestimation of the
CPM deep defect absorption values is constant during the variation of the total deep
defect density Ngy, as long as other parameters (as the capture cross sections or the Fermi level
position E.} do not change at the same time! Further, fig.25 indicates that the CPM deep defect
abeorption vahie O, (1.2eV) is proportional to the total deep defect density Np; for reasonably
high values of N, (Note that the values of Npp in fig.24 and fig 25 are related to the value of the
optical matrix element RZ, see section 3.1.3.). The lower limit of this proportionality depends on
the value of the exponential Urbach tail slop (here 50meV).
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Fig.23: CPM deep defect Fig.24: CPM and PDS Fig.25: deep defect
absorption value ¢(1.2eV) spectra 0{ha) for different absorption valve ¢(1.2eV)
and or(1.0eV) as a function total deep defect densities as a function of the total
of the CPM factor ¢y Ngk- deep defect density N;.
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Numerical variation of the Fermi level position (parameter SET 2¢):

The Fermi level position was varied in the range of E. —E, = 0.7 - 1.1eV, whereas all other
parameters did not change. Therefore, the charge neutrality of the dangling bonds was fuifilled for
Er—E, =0.9¢V only (c.f. section 2.2.4. and 1.7.3d). Fig.26 shows the numerically calculated
CPM spectra for SETs 2a-d. Fig.27 shows the CPM deep defect absorption value 0, (1.2eV)
deduced from fig.26 and the deep defect absorption value o, (1. 2eV) at thermal equilibrinm.
Further, fig.28 shows the ratio &,(1.2eV) / 0.y, (1.2eV) as a function of E; - E,. Note that
Er-E,+¢,= E.-E,,,, and £, =0.2eV here,
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Fig.26: CPM spectra O, (Aw) for different Fermi level positions E; — E, (SETs 2a-d).
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Fig.27: CPM deep defect absorption value
O ey (1.2eV) deduced from fig.26 and deep
defect absorption value o, (1.2eV) at thermal
equilibrium (SETs 2a-d).

Fig.28: ratio o,(1.2eV) / o, (L2eV)
deduced from fig.27 as a function of E; —E,,
{SETs 2a-d).

For the case of different capture cross sections (SETs 2c&d), vne recognises a large discrepancy
between the CPM specira 0, (k) and the absorption spectra ¢, (%) at thermal equilibriom,
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becanse the second CPM condition is not fulfilled. For the case of identical capture cross sections
(SETs 2a&b), one recognises a slight discrepancy between the CPM spectra Ol (h®) and the
absorption spectra o, (A} at thermal equilibrinm if the Fermi level moves to the valence band
edge because then, the third CPM condition is not fulfilled (both charge carrier densities are
spectrally-dependent: n( o) and p( i)},

umeric i the conductivity at steady- uilibriom

It is evident that understanding CPM means understanding the conductivity ¢ of a-Si:H as a
function of the photon energy #® and of the incident photon flux @, - and vice versa.

This section consists of two parts. First, the conductivity ¢ of SETs 23-d will be analysed (these
parameter sets were used for the calculation of CPM and PDS in the previons sections). Second,
the condoctivity ¢ of SETs 1-4 a-d will be analysed in order to study the potential influence of the
value of the optical matrix element R? (these 16 parameter sets consist of SETs 1-4 of tab.2 at
thermal equilibrium in combination with SETs a-d of tab.4 at steady-state equilibrium}.

As numerical results of the system in steady-state equilibrium, one gets the total conductivity &,
and the total generation rate G, as a function of the incident photon flux @, and of the photen
energy ho (see section 3.2.1.). On the one hand, one can express G, (®,), on the other hand,
one can express &, (G,,} while using G, (D,).

Conductivity ¢ based on SETs 2 a-d:

Fig.29 shows the total generation rate G, (®,) as a function of the incident photon flux &, for
different pheton energies %4 and the corresponding PDS spectrum at a specific incident photon
flux. Prom this figure, one can conclude that the total generation rate G,,, is proportional to the
incident photon flux ®,, independent of the photon energy Awm and independent of the total defect
density Nig:

G < Oy for any ha and for any N

L3

One can conclnde from fig.29 that PDS shows identical spectra for different incident photon fluxes
@,. In fact, different PDS spectra conld only be found for unrealistically high values of @,
(®, > $10*cm™s™), as shown in fig.9.

Fig.30 sbows the 1otal conductivity o,,(®,) as a function of the incident photen flux ¢, for
different photon energies ho and the corresponding CPM spectra of twe specific CPM
conduetivities Gep,. This figure indicates that a very low CPM current can lead to a different
absorption spectra, as also observed in fig.23 (variation of the CPM conductivity Gy, also
parameter SET 2c). The crigin of this behaviour is found in fig.31, but it seems to be strictly
related to the m. Note that for high CPM conductivities Gy, , the same CPM spectra can
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always be expected, which means that the pump beam does not change the occupation in such a
way that the absorption spectrum changes (as in the case of PDS).
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Fig.29: the total generation rate G,,,(®,) as a function of the incident photon flux ¢, for different
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photon energies k@ and the corresponding PDS spectrum at &, = 510" em™™",
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Fig.30: the otal conducti-vity G (®,) as a function of the incident photon flux ©, for different
photon energies fitp and the corresponding CPM spectra with two different CPM factors: cepyy =
5(CPM1) and cgpy = 1.4 (CPM2).

Fig.31 combines the information contained in fig.29 and fig.30. It shows total conductivity
G.,(G,,) as a function of the total generation rate G, for different photon energies fiy (SETs

2a&d). One can see that SET2a (with identjcal capture cross sections) shows no spectrally
dependent CPM "working point”, whereas SET2c (with different capture ¢ross sections) shows a
spectrally dependent CPM “working point” for low photon energies #im. From these figures, one
can conclude that the relation o,,(G,, ) is controlled by the capture cross sections - for any photon
energy hw and for any total generation rate G, .

In fig.32, the power law exponent ¥ (G,,) as a function of the total generation rate G, for
different photon energies A® is shown (SETs 2adc). Fig.32 comesponds to the first CPM
measurerment condition and fig.31 to the second CPM measurement condition. For parameter SET
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2a, both conditions are fulfilled, for parameter SET 2c neither of them are fulfilled. However,
from the experimental point of view (in contrast to the numerical calculations), it can be difficult -
for a specific case - to decide if these CPM measurement conditions are fulfilied or not, because
ouly ©,,(®,)and v (®,) can be measured, but not ©,,(G,,) and ¥'(G,,).

In the appendix C9, the full results of the conductivity G, (®,) are presented for ko = 1.9eV
(SET 2a-d).
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Fig.31: the total conductivity 4,,(G,,) 25 a function of the total generation rate G, for different
photon energies Aw, once for a spectrally dependent CPM "working point™ (SET 2¢, different
capture cross sections) and once for a spectrally independent CPM "working point” (SET 2a,
identical capture cross sections).
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Fig.32: the power law exponent ¥ (G,,) as a function of the total generation rate G, for different
photon energies Aw, once for SET 2¢ (different capture cross sections) and once for SET 2a
(identical capture cross sections).

Conductivity ¢ based on SETs 1-4 a-d:

Until here, the analysis of CPM, PDS and the conductivity at steady-state equilibrium were based
on SET 2 with an optical matrix element of R? =10A%. In order to check whether the previous
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results for CPM and PDS are different for other optical matrix elements, it is useful to analyse
G o (D) and (G, ) for SETs 1-4.

The parameters of SETs 1-4 at thermal equilibrium, which are given in tab.2, all showed the same
absorption spectrum at thermal equilibrium. For the following analysis, the parameters of the
capture cross sections have been chosen to be identical as those analysed in the previous sections
(shown in tab.4 SETs a-d}. The combination of tab.2 and tab.4 leads to 16 parameter sets (SETs
1-4 a-d), which are analysed hereafter, Tab.5 shows the optical matrix elements R? and the total
deep defect density Npy of these 16 parameter sets. Concerning the total deep defect densities
Ng5. they are 100 times lower in SETs b&d than in SET a&e.

Parameters: R*[A’] | Ngi[em?]
SET lae 1 210"
SET lc&d 1 2101
SET 2a&c 10 510"
SET 2c&d 10 510"
SET 3aéc 100 L110"
SET 3cé&d 100 Ly10®
SET da&c 1000 610"
SET 4c&d 1000 610"

Tab.5: optical matrix element and total deep defect density Npp (input parameters).
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Fig.33: the total generation rate G, (®,) as a function of the incident photon fiux &, for different
photon energies Aw{SETs 1-4 a-d).

Fig.33 shows for all these parameter SETS, the total generation rate G, ( ®,) as a function of the
incident photon flux @, for different photon energies fiw. One can find - independent of the
parameter sets - the proportionality between the total generation rate G, and the incident photon
flux d,:
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G, = &, for any fie and for any N

o

This means that the absorption ¢, at thermal equilibrium is equal to the PDS absorption oy at
steady-state equilibrium - independent of the optical matrix element R2. Further, fig.33 indicates
that no dependency on the different capture cross sections can be observed (SET b = d and SET
a=c).

sigma SET a sigma SET b sigma SET ¢ sigma SET d
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Fig.34: SETs 1-4 a-d: the wtal condnctivity ¢,,(G,,) as a function of the total generation rate G,
for a specific photon energies of hiw = 1.6eV (different scales!).

For all these parameter SETs, fig.34 shows the total conductivity G,,(P,) as a function of the
incident photon flux @, for a specific, arbitrarily chosen photon energy of % = 1.6eV. In
appendix C10, the numerical results of the total conductivities ¢, (P,) and o (G, ) as well as
the comresponding power law factors ¥ (®,) and y'(G,,) are presented for SETs 1-4 a-d at
different photon energies Aw. In fig.34, one can see that the relative, total conductivity &,,(G,,)
is quite insensitive to the parameter SETs a-d for a given photon energy ho.

Fig.35 indicates that the total generation rate G, (hw) at a constant (CPM) conductivity C,, ( >>
G,) 15 approximately proportional to the total deep defect density N3y, for a specific photon energy
of ke = 1.6eV (extraction from fig.34), This proportionality can be found in approximation for all
photon energies studied here (see appendix CB) and it corresponds to the resuits of chapter 2:

Approximation: G, = Ni for any ho and for any N,

But the absolute relation between the total generation rate G, (k®) and the total deep defect
density Np5, which determines the CPM spectra and the CPM "working point”, additionally
depends on the transport parameters. In the case of different capture cross sections (SETs ¢&d),
the CPM “working point” is spectrally-dependent for SETs 1-4 (see appendix C8). In the case of
identical capture cross sections (SETs a&b), the CPM "working point” is not spectrally-dependent
and, then, the CPM spectra correspond to the absorption spectra for SETs 1-4 (see appendix C8).
This indicates that it was reasonable 1o analyse only SETs 2a-d in the previous sections and that
the optical matrix element R? does not influence the CPM analysis of the previous sections.
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As far as the optical matrix element R? is concerned, fig.36 sbows the total defect density N, as
a function of the optical matrix element R?, as determined by deconvolution at thermal
equilibriom. One finds that the deduced total defect density NY is approximately inversely-
proportional to the square root of the optical matrix element R? in the case of the deconvolntion
appmach combined with the DOS mode] which is nsed here:

Appmximation: Ngs fora fixed Fermi level E,

This relation seems to be related to the parabolic DOS bands, but will not be fusther discussed.
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Pig.35: the total deep defect density N, as a
function of the total generation rate G, (ht)
(SETs 1-4 a&b} at a fix conductivity at
steady-state equilibrinm.

Fig.36: the total deep defect density N, as a
function of the optical matrix elements R’
(SETs 1-4 a-d}) at thermal equilibrium (found
by the nnmerical deconvolution in section

3.1.3.).

3. _Main ion- ination ani 1

The main purpose of this section is to find the origin of the "CPM effects” cobserved in the
previous section for the numerical analysis of CPM (especially the capture crass section ratio
dependency) in a gnalitative manner.

In the previous section (section 3.2.), it has been numerically found (for the case of 2
homogeneous material without dopant atoms) that the absorption spectrum at thermal equilibrium
is equal to the absorption spectrum at steady-state equilibrium, but that the CPM spectra do not
always correspond to these absorption spectra, whereas PDS spectra do (¢.f. sitwation (1) and
sitnation (2) in section 1.7.3d).

In this section, the author qnalitatively discusses the main generation-recombination mechanisms
which are present in CPM (and also in PDS) and which determine CPM conductivity. These
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generation-recombination mechanisms define the relation between the CPM conductivity and the
CPM generation rate (called CPM "working point™). One can expect that a change in the main
generation-recombination mechanism can lead to 2 change of the CPM "working
point" but a spectrally dependent CPM "working point” means that a CPM spectrum does not
coirespond to the absorption spectrum (c.f. section 1.2.).

For the following discussion different elements need to be introduced first:
System of one or two defect levels:

In chapter 2, the simple system of one defect jevel (at the energy position E, with the defect
density N,) was analytically analysed and discussed. This situation is schematically shown in
fig.37 (and called situation A); the generation and recombination mechanisms are schematically
indicated by "G" and "R". The defect-to-band generation mechanism G, is shown in fig.37, but
the following discussion is also valid for the defect-to-band generation mechanisms G, or G,
(these defect-to-band gencration mechanisms were introduced in section 2.4.6.). Effects on the
comrelation energy are neglected for the following discussion.

Next, the author introduces a svstem of two defect jevels (one defect leve] at the energy pasitions
E,, with the defect density N,, and one defect leve] at the encigy positions E,, with the defect
density N,,). This situation is schematically shown in fig.38 (and called gjtuation B); the
generation and recombination mechanisms are schematically indicated by "G" and "R". The defect-
to-band generation mechanism G, is shown in fig.38, but the following discussion is also valid
for the defect-to-band generation mechanisms G, or G,

sithation A: situation B:
one defect level two defect levels
N, Ndl N2
G ™ i G - — Em
E\'mob Ea ECmob E'Vmob Edl Ed2 Ef-‘mob

Fig.37: situation A: system of one defect Fig.38: situation B: system of two defect
level. levels.
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In situation A, generation and recombination take place at the same defect level (E,, N,). In
. Simation B, generation takes place at the one energy level (E,;, N,) and recombination takes
place at the other energy level (E,,, N,).

Differe ct types:

Before the discussion can start, one has to distinguish further berween different defect types.
Here, a defect type is assumed to be characterised by its capture cross sections (furthermore, one
could characterise a defect type by the possible occupation states, e.g. non-occupied or occupied
by one electron = donor-like defect type). For situation B, this means that one energy level (E,,,
N,,) can corresponds to one defect type X and the other energy level (E,;, N,,) to another defect
type Y. Alternatively, both energy levels of situation B can correspond to the same defect type X
or Y. The situations A and B are then characterised as follows:

situation A: system of one defect level: E,. N,
* one defect type: XorY
situation B: system of two defect levels: E;, Ny» Egs Ny,
* one defect type: XorY
* two defect types: Xand Y
Simplified DOS:

The numerical analysis in chapter 3 was based on the (complete) standard DOS of a-Si:H
(introduced in section 2.1.). This standard DOS is reduced schematically for the following
discussion. The simplified DOS consists only of a localised band tail state distribution N, (E)
(exponential valence tail states) and of the deep defect state distribution N, (E) with its maximum
value NT™. Fig.39 shows this simplified DOS, where the defects are energy-distributed (in
contrast to situations A and B). It can be assumed thai N, (E) and N,(E) each correspond to a
different defect type {i.e. each with different capture cross sections) as shown in fig.40.

simplified DOS: simplified DOS:
two defect distributions two defect types
N(E)
N d“‘“ X
Y
N,E
EVmob Ecmb EVmob ECm:b

Fig.39: simplified DOS: energy-dependent Fig.40: simplified DOS: two defect types X
defect distribution N, (E) and N, (E). and Y.
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ible eration-

With the help of the introduced elements (system of one or two defect levels, defect types,
simplified DOS) it is assamed to be possible to describe the main generation-recombinaton
mechanism which determine the CPM conductivity at a specific photon energy. The idea is that the
simplified DOS (or more general even the (complete) standard DOS) can be schematically reduced
to a situation A or a sitwation B for a given set of parameters. Fig.41 to fig.46 illustrates some

possible generation-recombination mechanisms. They are summarised in the following overview
k
situation A;: system of one defect level: one defect type: photon energy:
GandRat E;, Ni™ Y hozEq,.. -E,
R >EF® /2
situation A,: system of one defect level: one defect type: photon energy:
GandRat E;, N (E)) X ho=E, ., —E,;
sitnation A,: system of one defect level: one defect type: photon energy:
GandRat E;, N,(E,) X hw=Eq,, —E,
ha<E /2
sitation B system of two defect levels: two defect types: photon energy:
GatE,, N(E;) X ho=Eq.. —E,
Rat E,, NJ™ Y E, >E,
situation B, : system of two defect levels: one defect type: photon energy:
Gat E,, Ny(E,) X 6 = Ecpy, ~Eg
Rat E,,, NJ* Y E; > E;. ﬁm>E:“’"!2

Overview 1: possible generation-recombination mechanism

Note that the defect-to-band generation mechanisms G,, G, and G,, have to fulfil the conditions
ho2E.,, ~E, and ka2 E, - E,, . by definition (see section 2.4.6.). In situation A;, these
conditions are not fulfilled (ie. Aw<E, /2) leading t0 a complex occupation function in the
numerical analysis of CPM (c.f, fig. 44 as example) and to a discrepancy between the absorption
values at thermal equilibrivm o, (# <E_/2) and the CPM deep defect absorption values
O (R <E, /2) for all parameter sets studied here. However, this absorption range is nat of
central interest and wilt not be discussed any further.

Also note that the defect-to-band generation mechanism G, (transitions of type C) is taken into
account in overview 1 only. Other generation-recombination mechanisms (ether than shown in
overview 1) are also possible, e.g. based on defect-to-band generation mechanism G, (ransitions
of type B), but lead to no major changes concerning the discussien.
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situation A,:
one defect type
one defect level

N®) 9~

G le fi

R
i

Evmon E, Ecnb

Fig.41: situation A,.

situation A,:
one defect type
ore defect level
NE) no |
R
N,E
E\l'moh :Ed EClmb
o
Eg"‘° 2
Fig.43: sitvation A,.
situation B
1wo defect types
two defect levels
N(E)
G g L2
R
N,®
E
Evmn i E E'Cmoh

a2

Fig.45: situation B,.

sitmation, A,

one defect type
one defect level

F T-»0K T = 300K -1

pulowdon e luslye gl

06 038 1 1.2
E-Ey [eV]

Fig.44; occupation functions f°(E) of the
peutral dangling bonds for hw = 0.BeV
{numerical CPM analysis SET 2a-d).

situation B,:
one defect type
two defect levels

NE)
N,

L

Fig 46: sitmation B, .
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Why are the CPM spectra capiure cross section dependent?

The main point is the following: the electron-hole pair generation mechanisms "G" is related to the
thermal emission rate which itself depends on capture cross sections. Furthermore, the
recombination mechanisms "R" is related to capture cross sections. All these capture cross sections
are related to a specific defect type. Therefore, all possible generation-recombination mechanisms
(as e.g. shown in overview 1) are determined by a set of capture cross sections. If the generation-
recombination mechanisms are spectrally-dependent (as expected) and - at the same time - they are
related to a change of the set of capture cross sections, the CPM “working point” will be
spectrally-dependent. Therefore, a change from sitation A, to situation B, leads to a change in
the CPM “working point” (change of the defect types involved), but a change from situation A, to
situation B, does not (no change of the defect types involved).

One can say in a more general way that if the defect types which defermine the main generation-
recombination mechanism change as a function of the photon energy, the CPM "working point”
will be spectrally-dependent, and a spectrally dependent CPM "working point” leads to distorted
CPM spectra.

This qualitative estimation is, in fact, cbserved in the numerical analysis of the CPM spectra at
steady-state equilibrivm (c.f. fig. 10 and fig 11). Identical capture cross sections for all Jocalised
states within the mobility gap (= one defect type) lead to a spectrally independent CPM "working
point” (SET a&b), but different capture cross sections for the localised states within the mobility
gap (= several defect types) lead to a spectrally dependent CPM "working point” (SET c&d).

For a qualitative discussion, it seems (o be reasonable to reduce the complete standard DOS by a
system of one or two defect levels, where in the case of two defect levels either one or
two defect types are involved. But this reduction seems mot to be valid for a quantitative
(numerical) analysis. In fact, the defect-to-band generation mechanism G, conld not be found
numerically in the case of the standard DOS by varying the optical matrix element R? as would be
expected from the analytical analysis of the different defect-to-band generation mechanism (G,
G, or G,‘p) in section 2.4.6,

Note that so far CPM has been understood as a system of one defect level (se¢ [Vanecek 81],
(Miuiga 90] and chapter 2) but motivated by the qualitative discussion of the numerical analysis of
CPM specira at steady-state equilibrinm, the anthor points oot that CPM should be understood as a
system of (at least) two defect levels which strongly depends on the defect types.
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4, Conclusions

4.1, Conclusions of chapter 1

* CPM Measurements *

The Constant Photocurrent Method (CPM) is one of the most commonly used measurement
techniques employed to determine the sub-band-gap absorpiion spectrum of amorphous
hydrogenated silicon (a-S8i:H). The theory behind CPM was originally developed on the basis of
assuming "n-type" a-Si:H material. However, CPM is most often used to characterise undoped
material (which means not doped with PH3 or BaHg) and sometimes also for “p-type” material,
Therefore, it is of basic interest to know in which cases CPM succeeds in detecting the absorption
spectrurn of a-SiH correctly,

In chapter 1, three conditions, which have 1o be fulfilled in order 10 ensure the cotrect operation of
the CPM measurement, were introduced and discussed; also inroduced was the concept of a
CPM "working point” (see section 1.2.). From the theoretical point of view, it is shown that CPM
detects the absorption spectrum of a-Si:H only if these "three CPM measurement conditions™ are
all fulfilled. From the experimental point of view, the author found that there are indeed practical
cases where these conditions are hot fulfilled.

The experimental resalts obtained on several series of different doped samples can be commented
as follows (see section 1.4.); CPM spectra of Jight-soaked, undoped lavers are identical o PDS
spectra (within a factor of 2 in the deep defect absorption range). In the case of annealed layers, the
sitwadion is as follows: For undoped lavers, the sensitivity of the PDS technique in the deep defect
absorption range is limited by surface-states, and a comparison with CPM spectra becomes
difficult. It would seem, however, that the CPM results for the undoped layers studied here are
quite reasonable. In the case of annealed. slightly doped layers, it is found that “n-type” samples
show identical CPM and PDS spectra, whereas "p-type” samples show different CPM and PDS
spectra: the CPM deep defect absorption values are found to be larger than the PDS deep defect
absorption values for these “p-type” samples. In this specific case, the CPM measurement
conditions are indeed not fulfilled. Therefore, special care has to be taken while
measuring CPM spectra on annealed, slightly “p-type™ layers. This is, to the author's
best knowledge, the first systematic indication of such a failure of the CPM technique for a-§i:H
samples. For all other samples investigated here, no experimental indications could be found that
the CPM technique docs not correctly detect the absorption spectrum of amorphous hydrogenated
silicon.

However, the very low values of sub-bandgap absorption (measured by CPM) - as found here -
for "compensated” material (which are "midgap" samples being, in this case, very slightly doped
with B,H,) are troublesome. CPM measurements on annealed, "compensated” samples could
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suffer from the same basic problems as observed for the slighdy "p-type” samples (first CPM
measurement condition not fulfilled). But the second or third CPM measurement conditions
(spectrally-dependent generation mechanism or spectrally-dependent charge carrier types,
respectively) may as well not be fulfilled. Therefore, this particular type of "midgap" samples
should be further investigated in future work.

In general, CPM spectra are measured on thin layers, which are contacted by a coplanar electrode
configuration (standard CPM spectra). However, as demonstrated here, it is additionally possible
to measure CPM on devices. In chapter 1, CPM spectra of sandwich-contacted or coplanar-
contacted PIN diodes (see section 1.5, and 1.6.) and CPM specira of coplanar-contacted, “partial”
diodes (see secton 1.7.) are presented. The motivation for performing CPM measurements on
PIN diodes had originally been to check if CPM can be used as a simple tool for the
characterisation of its “intrinsic” layer. The motivation for performing CPM measurements on
"partial” diodes was to study the influence of surface effects. Duae to the complexity of the
problem, these CPM results on devices are, however, analysed and discussed here in a qualitative
way only.

4.2, Conclusions of chapter 2
* Analytical studies and definitions for numerical calculations *

Analytical stodies as well as definitions forming the basis for the numerical calculations of chapter
3 have been presented in chapter 2. These studies and definitions are based on the standard model
for a-Si:H. This model consists of the well-established standard density of state (DOS) profile
(parabolic bands, exponential tail states and a disoibution of defects with a positive, finite
correlaton energy) and of the standard transport model (two mobility edges in the range of the
parabolic bands).

Concerning the standard DOS, several new, vnconventional aspects have been introduced and
discussed here (see section 2.1.): The parabolic bands are described by effective DOS masses; the
parabolic bands and the exponential tail states are connected in a new manner; the mobility edge -
as element of the standard transport concept - is defined independently with respect to the DOS

profile.
Concerning the stafistics of a defect with a finite correlation energy, the authar found that the

charge neumality condition leads - in the case of dangling bond defects (where Np, = Np, is
assarmed) - to a temperamre-independent Fermi level at thermal equilibrium (see section 2.2.). For
the case of steady-siate equilibrinm, “recombination levels” were introduced and discussed for the
specific statistics of a defect with a finite comelation energy (see section 2.4.).
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a fofe a gy, the author showed
that the one-peak piciure and the two-peak picire are eqmva]ent, but that certain transidons have
been underestimated in the published literature, so far, by a factor of two (see section 2.3.).
Furthermore, one can conclude that a defect with a finite correlation energy (e.g. dangling bonds)
cannet simply be replaced by the combination of a donor-like defect and an acceptor-like defect.

The understandmg of the Constant Photocurrent Method (CPM) is generally based on the sab-
band-gap statistics at steady-state equilibigm. The localised-to-localised mansitions were neglected
here in order 10 describe the generetion and recombination mechanisms analytically. For the case
of a defect withowt a finite correlation energy, the results were discnssed in terms of certain
"generation levels” that have been newly introduced here.

For the case of a defect with a finite cotrelation energy (e.g. dangling bonds), the analytical results
remain complex. Therefore, the system at steady-state equilibrium is analysed nomerically in
chapter 3. Whereas in chapter 2 only one defect type was taken into account, the numerical
apalysis in chapter 3 showes that the presence of several types of defects (¢.g. dangling bonds and
tail states; each with different capture cross sections) can lead - by itself - 10 a discrepancy between
CPM and PDS spectra: In the specific cases studied here, the CPM measurement conditions (as
mtroduced in section 1.2.) are, then, not any longer fulfilled.

4,3, Conclusions of chapter 3
* Numerical analysis *

The author has to conclude that in the numerical analysis CPM specira show a strong sensitvity 1o
the value of the wansport parameters ranos (¢.g. 1o the ratios of the capture cross sections) and that,
depending on the DOS parameters, different generation-recombination mechanisms determine the
CPM specra.

The numerical system swdied here can explain the experimental conductivity measurements
{6,,(G) and ¥ (G)} of layers in the light-soaked state (c.f. fig.14b in chapter 1) and of “partial
diodes” in the annealed state (c.f. fig. AG-3 in appendix A6), in a qualitative way, at least. This
indicates thax the simple standard DOS model in combination with a mobility gap is a reasonable
approach to explain these measurements at room temperamre.

But the numerical system studied here can not explain the experimental conductivity
measurements { 5,,(G) and ¥"(G)) of the layers stdied here in the annealed state (c.f. fig. A2-5
in appendix A2). This means that the behaviour of a-Si:H layers in the anncaled state (at least at
low illumination levels) is more complex than in the light-soaked state.

Especially, the electronic states of the dopant atoms could be of importance for the description of
the total conductivity in the annealed state. Now, the numerical system nsed here does not contain
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the electronic states of the dopant atoms. Such electronic states could be 2 possible reason why the
very specific situation of snpra-linear power law factors (Y > 1) - as measared on slighdy “p-
type" samples - could not be reproduced by the present numerical analysis. One could imagine
also other reasons why the present, numerical analysis fails to reproduce the experimental results
for the anncaled layers studied here: In these samples other transport mechanism {such as
hopping) or other recombisiation paths {not considered in the present nurnerical model) could be

of importance.

On the other hand, the ballistic recombination model used here seems to be quite reasonable as a
simple description of transport at room temperature. But, as mentioned, the evolution of transpon
and conductvity models in a-8i:H is sdll in progress.

The anthor would like to close the present stndy by repeating the statemnent that CPM detects the
ahsorption spectrum of a-Si:H only if the "three CPM_measurement conditions” (as introduced
in this thesis) are all fulfilled. Whereas the first condition can be checked by experiment, the
second and third condition mnst be checked by a numerical or analytical analysis based on a
specific a-Si:H model. The author showed that, in fact, these CPM conditions are in some
specific cases - in the experiments as well as in the numerical analysis - not falfilled.
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system

1 sample
2 vacunm system (p = 107% mbar):

3 temperature controller (T = 0 - 250°C):
4 electrometer (I =0.1fA - 20mA):
(U=0-100V)

5 current amplifier (10° — 10" V/A):
(10* - 10° V/A):

6 lock-in amplifier (U = InV - 500mV):

7 chopper unit {( v = 0 - 4kHz):

B picoamper meter (I = 0.1pA - 2mA):

9 variable power supply (0 - 30V, 0 - 10A):

10 halogen lamp 250W / 12V:
11 computer controller and regulator:

12 Si diode
13 Ge diode

14 pyro detector

15 band pass filter RG850

16 band pass filter RG6935

17 grey filter 1/100

18 filter wheel I (B = 1.49 - 2.43eV)
19 filter wheel II { i> = 0.83 - 1.43eV)
20 band pass filter GG420

21 grey fileer 1/10000

22 shutter

23 filter cooling unit

M small mirrors

L various lenses

interference
filters

Siand Ge
detectors

p
250W

Mechanical Forepump Alcatel 2004A
Turbo Pump Balzers

Eurotherm 822 for a Pt 100 element
Keithiey 617 Programmable Electrometer

Keithley 428 Current Amplifier

Princeton Applied Research EG&G 181
Standford Research SR 530 Lock-in Amplifter
Standford Research SR 540 Chopper Contreller
Keithley 485 Autoranging Picoammeter

Delta Electronika EK 030-10 power supply
Oriel 66056 lamp system

Oliveni PC M24

PC LabCard PCL-7118

Si diode $2386-8K (33 mm”) 400 - 1100am
used for ko = 1.24 - 2.43eV

Hamamatsu Ge diode B1919-01 (20 mm®)

used for A =0.83 - 1.18eV

High Performance Pyroelectric IR detector
ELTEC 404VM

used for the calibration of the Si- and Ge-diodes
used for A =0.83 - 1.42¢V

used for fid = 0.83 - 1.65eV

used for fid = 1.70 - 2.432V

interference filters 510 - 830nm

interference filters 840 - 1500nm

fix

used for measurements of ¢, (G)

used during the change of the interference filters
ventilator

aluminium metalisation

Fig.Al-1: CPM measuring set-up.
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APPENDIX

Appendix A (corresponding te chapter 1)

e _me -

The measnrement set-up consists of the following elements (The numbers in "{)"-brackets
correspond to the notation of fig.Al-1). The sample {1} is located within the vacuum chamber {2}.
The temperature of the sample is controlled by a temperature controller {3}. The voltage applied to
the sample comes from the electrometer (4). The dark current and the total current of the sample can
be measured by the same electrometer {4) (cw-mode). The photo current can be measured with a
lock-in amplifier {6} in combination with a current-voltage preamplifier {5} and a chopper bnit {7}
(Im-mode). The sample is illuminated by a halogen lamp {10}. The intensity of this lJamp can be
regulated with a variable Jamp power supply {9}. The light intensity, with which the sample is
illuminated, is measnred with a Si-diode or a Ge-diode, depending on the photon energy. These two
diodes are calibrated by a calibrated pyrodetector {14}, which, in this case, is located at the position
of the sample in the vacunm chamber. In this set-up, the moncochromatic light is obtained by a
number of interference filters which are located on two filter wheels {15, 16}. In comparison to a
monochromator, the advantage of these interference filters is that the maximum light intensity is
higher, but the disadvantage is that only a limited spectral resolution (here: 30 interference filters) is
available. Other elements of this set-irp are band pass filters {17, 18, 19}, grey filters {20, 21}, a
shotter {22}, a filter cooling unit {23}, lenses {L} and mirrors {M]. The basic measurement units as
well as the filters of this set-up are controlled by a computer {11). Therefore, the measurements are
performed automatically.

i ayers in the cw-

In order to measure CPM spectra on layers in the cw-mode, the following points are important.
Before and after the detection of the CPM spectra, the dark conductivity must be measured. A change
in these two dark conductivities can be an indication that the Fermi level position changed during the
measurement and that, therefore, the CPM spectra can be distorted (Finger 90). The anthor vsed a
stabilisation time of 10min before measuring dark conductivity. In order to measure dark
conductivity, a vacunm chamber is required for low conducting samples in order to exclude snrface
effects (e.g. due to humidity). In order to measnre the sample in the initial siate (annealed state), the
sample can be annealed as a first step, and the CPM spectrum can be measured in the same system as
a second step. The CPM current measured in the cw-mode (e.g. by an electrometer) has 1o be larger
than the dark current (1, > 1, ). In order to fulfil this condition on high conducting samples (e.g.
strongly doped), the incident light intensity (for low photon energies) must be large. Therefore,
interference filters are ideal for the cw-mode (higher light intensity than with a monochromator). The
regulation in the cw-mode is also very fast. The electrometer nsed here delivers a measured value
every 0.3s and the CPM spectrum can be measured within 30min.
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Measuring CPM in the Im-mode requires a lock-in amplifier which detects the photo current. The
dark current need not be measured either before or after detecting the CPM spectrum as in the cw-
mode. The CPM photo current can be lower than the dark current (1, <1,,,). Therefore, no
interference filters (high light intensity) are necessary as in the cw-mode. Whether a photo current
measured in the Im-mode can be influenced by surface humidity and that, therefore, a vacoum
chamber is to be recommended, is unknown to the author. However, it is certain that the photo
corrent has to be measured without any unwanted bias light (room light) because it could influence
the cccupation of the deep defects.

In the case of undoped a-Si:H, three seconds are a typical integration time of the lock-in amplifier (for
low photon energies). This means that every [0 seconds a measured value is available. In comparison
to the cw-mode, this leads to very long regulation times, In the lIm-mode, @ monochromator should be
better than some interference filters. In the case of interference filters, the sample is not illuminated
during the change of the filters (this would lead to a change in the occupation each time). In the case
of a monchromator, the photon energy can be changed smoothly and the regulation time is, therefore,
faster. In the case of the Im-mode, manual regulations with a monochromator require up to half a day.
For the computer controlled set-up used here, 8 CPM measurement in the Im-mode takes several
hours. If a bias-light is present, CPM spectra can be measured in a much faster way due to the
quicker response time.

Solar cells are not generally characterised in vacuvum chamber systems and it is rather a luxury to
measure them in a vacuum chamber, as done here. CPM spectra of solar cells can be measured in the
cw-mode or in the Im-mode. The response time of solar cells is so quick that CPM spectra can be
measured even in the lm-mode in a very short time.

Many different methods were tried by the author in order to reduce the regulation time of the CPM
measurements. 1t urned out that the regulation of the voltage of the halogen lamp is a disadvantage,
because the voltage intensity characteristic of the lamp is not linear and becanse, gradually, the lamp
changes the intensity at a given voltage due to the temperature changes of the lamp filament. Also, the
lamp has a temperature-dependent “onfoff” voltage-offset, including an hysteresis behaviour. A
reasonable advantage wonld be to have an intensity-stabilised lamp where the intensity can be
regulated in a linear way. Another approach was seen in other laboratories, where the light intensity
was regulated with the help of some linearly graded grey filters. Whether the sample is still
bomogeneously illuminated in this way is questionable. However, the author has foond a simple
software procedure, which can be vsed independently of the response time of the sample.
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As a stabilisation criterion of the CPM current, the anthor averaged out the last measured points (e.g.
10} and compared this value with the required value. If the refative difference between these values
was below, e.g. 2%, the regulation was stopped for a certain stabilisation time (e.g. 1s). If after this
stabilisation time the measured value was still constant within the required range, the next photon
energy was chosen. From Vanecek [91/1], the author has leamnt to keep the photo current of the first
photon egergy (while starting in the low photon energy range) constant over several minoies (e.g. 10
minutes) in order to stabilise the system. Cross checks of some CPM spectra measured with
Vanecek’s set-up ([Vanacek 91/1] and [Mettler 93/1]) showed that both systems measore identjcal
CPM spectra (see fig. A1-2).

10ppm B,He

Fig.A1-2: CPM spectrum €, (d) for a "p- 105
type" sample as measured in the ew-mode by 104 E. g
the set-up described in fig.Al-1 and as 103F- 5,
additionally measured in the lm-mode by 102; s
Vanecek's set-up [Mettler 93/1]. {(sample 101;
C270991) 100;r
10-1F
10—6‘5 1 15 2
E[eV]
2. ails on the nden PM

! 2 1 E. t .e L]
* samples: C270991, C211091, Ci181091, C071001, C141091, C021091, C241091, C031291, C251091, C0412%1

Sauvain et al. [93) analysed the properties of some slightly doped and undoped a-Si:H layers
deposited on a glass substrate (Comning 7059) at 220°C with the VHF-CD technique in a single
chamber deposition system uspally vsed for the development of solar cells. Doping was achieved by
mixing the dopant gases in hydrogen (500ppin diborane (B2Hg) in Hz for "p-type” samnples and
1000ppm phosphine (PH3) in Hj for "n-type” samples). This mixture was nsed with pure sifane for
the layer deposition. The gas dopant ratio of the boron-doped layers varied between C(B,H, /SiH,)
= 0.2 and 10 ppm; for the phosphorus-doped layers, it varied from C(PH, /SiH,) = 0.1 ppm to 1
ppmn. The layers had a thickness ranging between 1.7 i and 2.5 pm. After deposition, all these
layers were annealed at 200°C for 1h. Fig.A2-4 shows the corresponding daik conductivities after
annealing. Fig.A2-1 shows the resuits of these CPM and PDS measurements for an "n-type”, two
"p-types” and an undoped sample. One recognises that the "p-type” samples show a higher deep
defect absorption range measured with CPM than measured with PDS. So far, this behaviour had not
been observed and led to some basic questions concerning the reliability of these absorption
measuement techniques [Sauvain 93).
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Fig. A2-1: CPM and PDS spectra ¢(fiw) of some slightly doped a-Si:H samples. {Sanvain 93]

Fig.A2-2 shows the CPM and PDS absorption values of the ten analysed layers in the annealed state
at a photon energy of 1.2¢V as a function of the gas dopant ratio. The PDS absorption values vary
between 1 - 5 corl, whereas the CPM absorption values vary between 0.3 - 20 corl. Fig.A2-3
shows the ratios of the CPM and the PDS absorption values as a function of the gas dopant ratio.
This ratio is ! for "n-type” samnples, about 4 for “p-type" samples and about 1/2 for very low doped
and undoped samples. The factor of 1/2 is supported by arguments of Wyrsch et al. [91], based on
the different transition behaviours of CPM and PDS.

a(1.2eV) fomn-1] oeem / opps (E=1.2eV) Gy fom1601]
El I I I LIE 0] ET T 1 | 13 l 6 I ] I L
F 3 . i 107 1
l.. (:..'PM - 4 ] 10-8 : 'E
R4 .1 I 1] 109 :
Ex x;x PES . XKE 1005- 172 3 10-10 'E
111 PR R SR F ; 1 101 . T
) : X .. 1 112 y:
- p-type n-type - p-type ntype 1 1013 ptype n-type 3
1L | | 1 1L 1 1 1 1 I b 13
W 1T o001 1T Yo T oor Tt Yo T 1
C [ppm] C [ppm] C [ppm])

Fig.A2-2: PDS (dotes) and
CPM (crosses) deep defect
absorption values ¢t(1.2eV} as
a function of the gas dopant
ratio C. [Sauvain 93)

Fig.A2-3: ratio of the PDS and
the CPM deep defect
absorption values ¢t(1.2eV) as
a function of the gas dopant
ratio C. {Sauvain 93)

Fig.A2-4: dark conductivity
G, (after annealing) as a
function of the gas dopant ratio
C. [Sauvain 93]

The author checked whether the CPM set-up worked in a proper way for “p-type” samples, where
this unexpected deep defect absorption bebhaviour was observed. Fig A1-2 shows the CPM spectrum
for a "p-type" sample as measured in the cw-mode by the set-up described in fig.Al-1 and as
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additionally measured in the lm-mode by the set-up of Vanecek [Mettler 93/1]). No principle
differences between these two measurements could be observed. Furthermore, effects of contacis (Al
or Cr contacts, see fig.8b of chapter 1) or effects of the CPM regulation time (min to 60min for each
photon energy) were not observed for these "p-type” samples,

" samples: C140193, C220293/1&2, C230293/1&2, C240293, C180393/1&2, C190393/1, C230393, COT0493/1&2

In order to prove the reproducibility and in order to check if this behaviour can also be observed for
higher doped "p-type” samples, a second series of doped samples were deposited in the same way as
for the first series. These layers have thicknesses ranging between 2.2 pm and 4.1 pm for series 2,
whereas in the first series, the thicknesses were between 1.7 um and 2.5 um. The results are
presented in fig.11 of chapter 1.

A2.3. Specirally dependent conductjvity measuremgents”

" samples: C211091, C021091, 041291

The main motive in carrying out the conductivity measurements &,,(G) and y'(G) was the slightly
"p-type" samples, where the deep defect absorption range measured by CPM was higher than
measvred by PDS.

The total conductivity was measured with the electrometer (cw-mode) in the CPM set-up under
vacuum by illuminating the sample with monochromatic light in the following order: Am = 1.24eV,
1.53¢V and 1.82eV with the maximum intensity of 1, 4 mWcm™. The photon energy 1.82eV
corresponds to band transitions, 1.53eV to tail-band transitions and 1.24eV to deep defect transitions
for the case of a-Si:H (see chapter 2). It was observed that the total conductivity (cw-mode), as a
function of the light intensity, depends strongly on the measurement speed, especially in the low
intensity range, due to some relaxation processes. The spectral conductivity was automatically
measured at about 100 different light intensities for each photon energy with a stabilisation time of
60s for each intensity. This stabilisation time is also typical for CPM measurements in the cw-mode.
The generation rate scale was calcnlated by the following equation taking into account a reflectivity of
R=0.3 and a photon energy of ko =1.82eV:

G =d"[1-exp(-ad)] @,

The values of the power law exponent ¥ were calculated as the slape between two measored points
of 6,,.(G) in the double logarithmic scale.
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Fig.A2-5 shows the total conductivity as a function of
the generatiom rate for three different photon energies.

The top_plot corresponds to the annealed, "n-type”
sample. One recognises a large peak of factor y™(G) at
G=10"%cm™s". The factor v(G) drops below 0.5
for higher generation rates, which cannot be explained
by a standard recombination mechanism. Degradavion
(= increase of the total defect density) during the
measurement of &, (G) is almost excluded because
no change of the CPM spectrum was observed after
this measurement. A possible explanaticn for this drop
may be a change of the Fermi level due to relaxation
processes (changes in the occopation). One can
conclude that factor ¥° may not just deseribe the
recombination behavicur at higher generation rates.
However, the power law expenent ¥ (G) is very
sirnilar for all three photon energies.

The middle plgt corresponds to the annealed, undoped
sample, where the power law factor ¥ (G) is constant
at a value of about 0.8 for all three photon energies.

The bottom plot corresponds to the annealed, "p-type”
sample. The conductivity seems to depend on the
photon energy. Moreover, one can observe for each
photon energy a different power law dependency. The
factor y" shows a supralinear behaviour (y" > 1). This
was interpreted by Rose [63] as the presence of
sensitising states, located for a-Si:H between the
dangling bond peaks and the valence band edge [Gu
86].

It has to be menticned that the generation rate scale in
these plots was calibrated for a photon energy of
1.82¢V. For the two other photon energies, the curves
were simply shifted along the generation rate scale, in
such a way that they matched the calibrated corves.
For the "p-type" sample, the photon energies are
matched in the range of G=210" sem™.
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With the help of these conductivity measurements o, (G) and ¥ (G) measurements, it is possible 1o
decide whether the first and second CPM conditions are fulfilled.

The first CPM condition ("si:ectra]ly independent power law factor y'") is fulfilled for the "n-type”
and the imdoped sample, whereas for the "p-type” sampie, it is net fulfilled in the anncaled state.

The proof of the second CPM condition (CPM "working point” spectrally independent) is rather
critical because one should know the exact absorption values for each photon energy in order to
calibrate these curves in the proper way. With the calibration presented here, one can note that the
second CPM condition is fulfilled for the "n-type" and the undoped sample, whereas for the “p-type”
sample, it is not.

\2.4. Degradati jies®

- samples: C270091, C211091, C021091, CO412901

The samples were degraded in a new degradation system by a high pressure sodium lamp as
developed by Goetz [93). The samples were illuminated from both sides by a light intensity of 1, =
500roWem™. The comresponding photo conductivity (cw-mode) was measured during light-soaking
at 55-60°C. The CPM spectra of these samiples were measured several times after light-soaking, with
mmtervals of several hours between these measurements: no changes in the CPM spectra could be
observed as a function of time after light-soaking. Fig.A2-6 shows the CPM spectra of these four
samples in the annealed and in the light-soaked state.

C(PH, / SiHl,) =lppm undoped C(B,H, /SiH,)=4ppm C(B,H,/SiH,) =10ppm
d=2.02um d=17um d =2.05um d =2.05um
{sample C041281) (sample C021091) {sampie C211091) (sample C270991)
1ppm PH 4ppm BzHg¢ 1 B-Hg
ey 108 gt i 105 o PP B2
1E~ 18R
B EE
102 = 102 i— 2
102 © 102f
101F .« 10
0k 7 100k
10-1f 101
2:' I S 2:|.1.
10-0.5 1.5 2 1(}0.5

-
E[eV]

Fig.A2-6: CPM spectra Oy, (h) of some slightly doped a-Si:H samples in the annealed state
(circles), coresponding to fig.A2-1, and in the light-soaked state (dots).
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Kroll et al. [93] published the properties of some a-Si:H layers deposited at differemt ternperatures
with the VHF-CD technique in a new UHV-vacuum deposition system. The hydrogen content of
these samples vanes in the range of 6-12% linearly with the substrate deposition temperature (200°C -
400°C) but the sample properties are not related to these different hydrogen contents, as concluded by
Kroll et al. [93). The PDS absorption spectrum was measured hy Kroll et al. [93] in the annealed and
the light-soaked state. The samples were degraded in the system described in appendix A2.4.

The anthor additionally had the possibility of measuring the CPM spectra of those samples. CPM was
measured in the cw-mode and fig.A3-1 to fig.A3-4 shows the results.

T, =200°C T, =250°C T, =300°C Ts =350°C T, =400°C
Cy=115% C, =10% Cy =% C, =8% C, =65%
d=2.43um d = 2.34um d=2.53um d=3.1pm d =2.6um
(sample D160292) (sample D 90393) (sample DI70293) (sample D170393) {sample D220253)
annealed annealed annealed annealed
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Fig.A3-1: CPM spectra Gy, (A} (full dots) and PDS spectra oy (ko) (straight lines) of five
samples deposited at different substrate deposition lemperatores T, (200°C - 400°C). The upper
spectra cormespond to the annealed state and the lower spectra comespond to the light soaked states.
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Fig.A3-4: ratio of the PDS
and CPM deep defect
absorption values ¢(1.2eV)
in the annealed (circles) and
in the light-soaked (dotes)
state.

Undoped, “n-type” and "p-type” sample were selected for these measurements. As a first step, these

samples were annealed after which the temperature was continually increased. Before the CPM
spectra were measured, the temperature was stabilised for at least one hour. Up to about 100°C, CPM
spectra were measured in the cw-mode (1, > 1) Above about 100°C, CPM spectra could only
be measured in the Im-mode due to the increase of dark current (1, <1, ). Fig.A4-1 to fig.A4-3

show the results,

lppm PH undo 10ppm B.H
105 ety 0o ,Iffl.,....} 105 grerrpreem ey
S R B | 1 | E=2 1
310k w7 3T 100 1710 1
S0 e 81026 2 10f e
Z10p  Eeis i El00g 1 EI0F e
glm:r w"“\" IOOEr E= Ll3eY " glOO,- E=113ev .
100f E=l1v A I0F evienewee o 10-1F -
102f 4 102 1 10%F :
K1 T N L F o ol e aad T FNETY R PP RTE R
10?) 50 100 150 10-36 50 100 150 200 10—%) 50 100 150 200
T T[C] T[°C]

Fig.Ad-1: CPM deep defect absorption values ¢, as a function of measurement temperature T at
hay = 1.13eV, 1.59eV and 2.06eV: the strait lines correspond to the relative "calibration” in the
Urbach tail (¢t q,(1.59eV) = 100 em™) (c.f. fig.Ad-2) and the dashed lines to the relative
“calibration” in the deep defect absorption range (0, (F-13eV) = 0.075 cm™) (c.f. fig.Ad-3).

-131-



C(PH, / SiH,) =1ppm undoped C(B,H, / SiH,) =10ppm

d=2.02pm d=17pm d =2.05um
(sample C041291) (sample C021091) (sample C270991)
1ppm PH; undoped 10ppm B-H
105=| T ’p‘P1 LA B L - 10‘5-; LI S N B | 105_1 T 40|p'|p—r1 121—l61 T
104] gttty /  104F  calibmed 1045 clibrated st
;]03;- T =20, 50, 90, 7 ':103;— Eo LI :lojg- 5
& 1022- 110,130°C 1 & 102 T;zlssof“;_;?‘éo& 109 .
Z100f . 4 s 5 100f E
S 100f 4 S10p S 100f E
101f i 100f 101 E
102f 1 102 10-2f 166,205 E
B L 3E A 1YY 1y i T i1 L
100‘5 1 1.5 2 100‘5 1 1.5 2 100‘5 1 1.5 2
E[eV] E [eV] E [eV]

Fig.A4-2; CPM spectra O, (A) of some slightly doped and undoped a-5i:H samples measured at
different temperatures {relative “calibration” in the Urbach iail { 0tgppy (1.59¢V) = 100 em™)).
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Fig.A4-3: CPM spectra Olp, (70} of some slightly doped and undoped a-Si-H samples meastred at
different temperatures (relative "calibration” in the deep defect absorption range (Olep,(1.13eV) =
0.075 ¢cm™)).
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Details on_the diod al

All samples are in the annealed state, all relative CPM spectra are “calibrated” within the Urbach 1ail
Tange ( Oy (1.59eV) = 100 cm™), The sandwich contacted PIN diodes have a TiAg metalisation
surface of 2.5mm x2.5mm. The thin PIN diodes with a buffer layer have an efficiency of about 7%.

CPM: thin PIN-diode CPM: thin PIN-diode IV: thin PIN-diode
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Fig.AS5-1: a reverse voltage. Fig.A5-1b: chopper frequency.  Fig.AS5-1c: 1-V characteristics.
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Fig.AS-1d: CPM current.

Fig AS-le: PPC spectra.

AS52, CPM measurements on 3 thin PIN diode with a buffer-layer (sample C220690)
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Fig.A5-2a: Im- and cw-mode.

Fig. A5-2b: reverse voltage.
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108 grrrr | LA BLELEERLY
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102 7 memode
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Fig.A3-3a: no buffer layer.
(sample CO60891)

thin P des (different samples)
CPM: thin P[N-diodc

103 — T
104
'::' 103
=102
=10
100
101
102

3
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R
E[cV]
Fig.A5-3b: very thin samples
with a buffer-layer. (samples
C191190, C270491, C250191)

AS5.4. CPM measurements on a thick PIN diode (sample B080692)
CPM: thick PIN-diode CPM: thick PIN-diode CPM thick PIN-diode
103 gy 1 gy 10 g
-; :g; Il'!:om n-gide ! -E -5-:- :g i': Eom?g : } = }gg g:mp-side -E
& 102 S 102 y=0,.20, 40, 210y y= <
E 11 ;_ U=06,081V 10 ;_ 50, -80. -100V E 10 :_ «60, _i
S 100f 100k o | S 10f 1
100f 101f owmode 4 101F =
102k g2y d=15um 102} , —15I-l-l111 102 t dTIS}.lm‘i
] A N . ] U BN | EY o i3
10‘0‘5 1 }5 2 10‘0.5 1 l 5 2 1_0.05 1 1.5 2
E [eV] E[eV] E[eV]
Fig.AS5-4a: forward voltage. Fig.AS-4b: reverse voltages. Fig. A3-4c: reverse voltages.
AS5.5. Comparison to published literature
CPM: thin PIN-diode CPM: thin PIN-diode CPM: thick PIN diodes
}gll ]045"'—"1-‘-'? T3 lgs-”'w Ty
3 [ - literamre y B S ‘1
- 19F 1 - 1o 1308 L A
= ]02:r ,i g 102;... _!- 3102% "'i
S o 4 =10k 4 FW0E -3
100F 4 ® 100 4 §100f
10| 4 101 1 10
10-2f . 102 IO'ZE-
| TN | T IR I 3
035m0y 08T
E [eV] E{eV] E(eV]
Fig.AS-5a: CPM&PPC spectra  Fig.A5-5b: CPM&PPC specra  Fig.A5-5¢: CPM&PPC spectia

as "calibrated" at 1.6eV, (Ref:
Fig.1 in [Hegedus 88], Fig.2
in [Dalal 90), Fig.5 in [Mittiga
90], Fig.4 in [Riibel 89])

as “calibrated” ar 1.6eV, (Ref:
Fig.2 in [Hegedus 88)], Fig.2
in [Dalal 90])
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as "calibrated” at 1.6eV. (Ref:

Fig.2 in [Kocka 88])



Ab6. Detalls on the'"partial' di . *

* samples: C180692, C160692, CE70692, C150692

As "new" configurations, some parts of a thin PIN diode were studied by CPM. An i-layer, followed
by a heavily doped n-layer and an i-layer, followed by a heavily doped p-layer, were deposited on a
glass substrate. Both configurations were contacted in the coplanar configuration (0.5 x 8mm); the n-
layer (thickness 150-2004) with TiAg (15004), the p-layer (thickness 100-150A) with Al (1500A).
These two layers correspond to the doped layers used for thin PIN diodes.

The CPM spectra of a sample with a thick and a thin i-layer were measured in the "front” and "back”
illemination modes (fig. AG6-1). No differences in the deep defect absorption range could be observed.
The CPM specira were calibrated with transmission measurcments, which showed a slight difference
between the samples with a thick and thin i-layer. The CPM measurement conditions were also tested:
the spectrally independent conductivity measurements &, (G) of the annealed samples show a similar
behaviour as a degraded layer {c.f. fig.A6-3)! Further, the activation energy of these samples
corresponds to the activation energy of some doped layers (fig.A6-2), but the dark current after
annealing is unstable and decreases.

n-i: 0.36 n-i: 1.66pm -i: 0.36num p-i: 1.7um
. 105 ey 105 P 105

E";I""I“" .“‘ g""_'“l" ] ] " EI,:T”IIUHH.HE ?'"_’ql"“l""‘l""‘%
1040 fgi 104 = fg 10407 ﬂ*i 104p T ey
103k 3, N 4 10335 F 4 wps ;4 1035.&. A
102k ’; 4 13 . 4 103 {103 ¢ +
(]S 4 101f fou f 4 1otf N 4 100F ; .
100F o 10f & ] 100 ° 100f- &om 3

E ' fromt k = ¥ back k- E -~ k: E ‘..!". E
101 4 101f° 4 101f & front 4 100F & back .

VST N T Bl it 2Bl ot ) AT TN Y.
R T v R A T S Sy WS S M A WL A

E{eV] E [eV] E{eV] E[eV)

Fig.A6-1: Coplanar CPM spectra 0 p, () of the "n-i" and "p-i" configurations with different
thicknesses of the i-layers, calibrated by transmission measurements as indicated by "x".

Annea]ing partial” diodes " \ partial” diodes 1
10-2 grrrrrrerprrrrrrerreere 103 prry Ty 10:3 gram ey T
10-3F- -: 04F —:03 et ﬁ—'oa
104k 4 FisE 1 zwosp e Ee AT
S10-5g <] Bioek “dos  5ioef 306
E10-6F 17 S107E 13 gier i3
'2'10'7; 21048 104 Zroek Egev) 304
&0k 1 ¢ 1 Gk gy 3
10-8 3 ios ] 109 153V ]
E E 10.2 E « 1226V _0‘2
109 L4 loleg ] 'y ]
106, L bovvad ] e 0 nk
1o 3.5 Yoz 1004 1006 018 720 %o o1+ 1015 1018 020
G [au)] G [au.]

Fig.A6-2: anneahng charac-  Fig.A6-3: conductivity characteristic 4,,(G) and ¥'(G) for the
teristics of the "n-i" and "p-i"  "n-i" and "p-i” configurations (d=1.7hm), measured at k@ =
configurations (see text). 1.24, 1.53, 1.82eV,
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Appendix B (corresponding to chapter 2)

e standard del used for the numerical analysis:

.1. The conductio d and the val

DOS of the conduction band: Nescpr(E) = N (E) for E2EY
N cprepr(E) = N (E) for E<E3
DOS of the valence band: Nyper(E) = Ny (E) for ESEY
Nypvir(E)= Ny (E) for E>E¥

with the parabolic condugtion band CB and the parabolic valence band VB:

T4
DOS of the CB: N (E)=Ng (E -E.)'"? with N2 = 2; (2;;&)
1 2ﬁ‘l° 3f2
DOS of the VB: Ny (E)=N{ (E, -E)" with N§, = F[’nﬂ
with the exponenti ducti d tail CBT and the exponential valence band tail VBT:

o —
DOSof he CBT:  Negr(E)= N°{1’E exp(_l]} exp[_Ec - E]
2 2 B2
L]
DOS of the VBT: Nypr(E)= N°{-"E exp(~— }exp[ E- E ]

with the conpection point (EZ', NZ*} of the conduction band,
and with the conngction point (ES', N3) of the valence band:

L] 1]
connection point CB/CBT: EY =E_+ E? N = N2 JEG

2
DOS of the DB: Ny (E) = ﬁg exp[- Wi, ]



mob _ - - R
Ef” =Ecnw ~Even =E; &, +8,

with the mobility edges of the conduction band and of the valence bands:

Eenos ®Ec +£,

with the charge camier mobilities:  pt, >0
M. =0

Eyp =Ey —8,

for E2Ecpey p,>0  for ESE,
for E<E... u,=0 for E>E,.

£, : threshold energy of the mobility edge of the conduction band

g, threshold energy of the mobility edge of the valence band

with the localised / delocalised DOS:

delocalised CB/CBT:  No(E)=Ngyar(E) for E>Eq,, else0
localised CB/CBT: NE)=Ngp{E) for ESE.,, else0
delocalised VB/VBT: N (E)= Ny p(E} for E<E, , else0
localised VB/VBT: N,E)=Ny,\pr(B) for E2E, , else0

with the DOS at the mobility edges:

.2, The uctivi

with the charge carrier dengities:

Nemes = NAEc )

Nypes =N, Eyoe)
o =efw.n+pp}

n= Tf(E) N(E) dE
Eaun

p:ﬁl—f(ﬁ)} Ny (E)dE

1

with the Fermi function: f(E) = T with B = (kT)"'
2 t arge density: Qu(Ef)=Q"-Q"
Q" =p+p +Ngs
Q =n+n,+Np,
with the localised band charge: n, =j?(E}NC(E)dE P.=?l—f@)}Nv(E)ﬁ
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Ecucs
with the charge of the DB: Nj, = ﬁ‘]";*'(rs) Npy(EYAE  Npy= [£*(E)Np,(E)dE
Eviexs, Ervant

. : L eeppe o 1 L
with the DB occopation fopetions: f™(E)= T3 7 PR | R = 2

fO(B) = 2712 ¢ HE-ER with p = (kT)™

f-(E) = 2“10'5(35'25‘: 4+

2.4. al
alhw)=C, hio R? J(hw)
itha " v o @n e 1
with a "constant” C,: Co= T
and with the joint density: J(ho)= Y Ti(hw)
freve
with the partial joint densities J°(hwm):
. Evas
6 Ve 1(hw)=  [dENy(E)N(E + 1)
Eeper=te
Etma
)} Voo F(ho)= [dEN_(B)(1-£(E)) N (E - ho)
) vt
3 Ve ¥ (he)= E‘]“"’dz-: N, (E}(1~f(E)) N, (E - %)
Eves
Eomen
@) Coc I*(ho}= [dE N (E) f(E) N(E +hw)
Evems
&) Ceowv T® (hw) = ETdE N, (E} f(E) N(E + 7))
Evecs
6 Vo DY T (o) = 2Td5 Ny (E) £*(E) N, (E - hia)
Evos
) Ve D I ()= E‘]“cu-: Ngs(E) f2(E) N (E~ A0 + U)
Evan
8) Ce D% I® (ko) = TdE Npg (E)} f°(E) No(E + hw)
Evace
(9) Ce D J“(hm]::!TdE Npg{E) £ (E} N (E + Ao + U)
Evoct
E
(10) (verc) I (hw) = TdE N, (E) f(E} N {E + ko) (1 - f(E + ha))
Ecaw
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e in_stead e equilibrium the erical an
B3.1, The conductivity: c=efp.n+p,.p}
B3.2. The total charge density; Q.(0,p=Q -Q
Q+ =p+p+ NBB

with the localised charge in the bands:

with the occupation functipns:

with the charge in the DB:

with DB ccenpation funetions:

ate equati; e CB: %n =
3

Rate equation of the VB:  —-p=
at P
To jon

with

Q =n+n,+Ng

B
n = Jf.(E)N,(E)dE

Evges,

P = T{i - £, (E)} N(E)dE

Evimt
1 P tem+el .

. = K. = n Di=g,
t(E) 1+K," ﬁi+e$+e::"1 @V
3 ETE (E) Np, (E) dE

Eveme:
Ecmon
Njs= | (E)Npp(E)dE
Evveay
f*(E)_—l._
1+ K7 (1+K{'})
= h ph

f%E) =K' f*(E) K=Bl% 5

n+ep +ep

= th ph
f(B)=K" Ky f'(B) K, =Pl ¥w
fiy +ey +epy

0=Gyc(hm) + 3 {G(hw) + T - Ry}
i

0= Gy (hw)+ 3 [{Gy;(hw)+ T, =Ry,
i
G (A} = Gy (R0} + 3 {G;(hw)+ Gy ()}
i

j=vtct+’0t'
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th ial generation rat
{Z ="G" and index i = "ph")

Note: T, is also neglected
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Transition: the partial, thermal efuission rates T: mbipation rate
(Z="T" and index i = "th")
Evens
M) Vol | Ge= (el Ny(E)E neglected
Emop=
‘ Eon
@ Voo Z, = ET;;,C N(E)}{1-f_(E)) dE Ry, = [ p. N.(E)f(E)dE
Erms Evne
Erm
G Vov |z,= j el, N,(E) (1-f,(E)) dE Ry, = ETI%, N, (E)f (E) dE
Eveat Evpey
Eﬂmh_ .
@ Coc Ze. = ey NAE)YI (E) Re = &Tﬁc N.(E)(1-f.(E)}dE
Ever Evae
‘ Eoms
B Cow Zo = |€, N (E)f (E)dE Rg, = [ fi, NE)(1-f(E)) dE
Evmop Evact
B
6 Ve D | Z,,= Je:, Ny (E) £*(E) dE Ry. = ET%U Nps(E) f(E}dE
Evea Evae
Eumn
N Ve D) Zy= Ie;u Nps(E) t%E) dE Ry = E‘TE’ Npe(E) f*E) dE
Evpa Evice
. Exmon
(8) Ce> D% | 2, =ET:=.:, Ny (E} f*E) dE Reo = Jﬁu Ny, (E) f°(E) dE
Evmes Evuce
. Eqwoe
®) CeoD:| 2. =E£:|“’.;;,U N_s(E)f(E)} dE Re, = _[ﬁ N (E) £*(E) dE
Eviran Evon
() vec suppressed suppressed



3.5

transition; babjlities: ilitieg: probabilities:
) Ve neglected neglected el = K, N.(E + hw)
Q) Voo em =G, Ny(E) B =V, Gy P el = Ky Ny {E - ko)
N Veow e =0,, Ny (E) P,=v,0,p el = K, Ny(E - ho)
@) Ceoc em =G, N.(E) b.=v,G,. 0N el =K, N.(E+ An)
S Cew el =g, N.(E) fi,=v, &, n e = K, N.(E+h)
(6 Ve D e =24, Ny(E) p=v,0,p el =2 K, N(E-fo)
1 .
N Ve D% e':'u=50pu Ny (E+ 1) Pe=V, 0D el = K, Ny (E + U - o)
0. w_1 . ™ ™
8) Ce D% e, =50nNC(E) fi=v,0,n el =K, N (E + he)
® Ce D et =20, N((E+ 1) oy =V, G, 1 el = 2K, N (E + hy+ 1)
0 ve o suppressed suppressed suppressed
with K, =C, ko R’ @, Ng(E)=v, N exp[-B(E. - E)],

NG (E)=v, NY' exp[-B(E - Ey)].

Note: The following picture shows the notation of the capture cross sections of a defect with a finjte
cotrelation energy U (dangling bonds) as used here and - in brackets - the notation of those used in
published literature for the specific case of dangling bonds (see e.g. [Hubin 94]):

CB
5nU {O’g )

I'E L1l
i E] + L|

G U (GI-J)

3 VB
nonoccupied  occupied by 1 electron g;c;gectrons
® 19E) £ ®
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4. e cti fo

If the exponential tail states are localised and if the Fermi level Ep is within the optical band gap, the
effective DOS can be analytically calculated for the case of parabolic bands.

e charge carrier densities: 1= N&o, €xp[~B(Ecue ~Er)] P = Ni7u, exp[~B(Ec ~ Eypa,)]
i E¢ E¢ i =
If Eepe 2B O £,2—=5 or 3, 2—% with x.=PBe, =€ /(kT)
2 2kT
; E? ES
Eyron SES or g, 2—2-\‘- ar ¥y, a-ik—f’r- with i=Pe, =€,/ (kT)
then the DOS at the mobility edges; N e = N2 /£, {units [eV~'em™])
Ny = Ngr 'JE
. ays o N £ . -3
then the effective DOS ai the mobility edges: N, = B f(%.) (units [cm™])
N _Nﬂmf(
Vmal B Xv)
or Nf[em™]= 4,;(351)3!2 kT fe, fox) with i = Cmob, Vmob; k =¢, v;j=¢,h
with the correction function:
fo0)
~ - l[“TlIII(!IrI'ITl(Ii('Iillillrll[lrrn
r(x)ﬂx-mex Ixm e~ dx al

x

Fig.B4-1: the correction function f'(x) as a

function of the dimensionless parameter
r=fhe=¢e/(T}.
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B e _char ity of th ing bo ects at rmal equili

The following table specifies the three states of a defect with a finite correlation epergy ( dangling
Bonds):
state 1 Q 1 2
energy of state i 0 E, 2E,+U
number of electrons in state i )} 1 2
energy per electron and per state i 0 E, E,+U2
charge of the electrons in state i 0 -le -2e
charge of the DB atom in state i +le 0 -le
degeneracy of state i 1 2 1

The electron oeenpation function f, (E) varies between 0 and 2, is independent of the charge of the
atoms and is given as ([ Asheroft 87], [Adler 76])

2 e—ﬁ(E-EF) + 26-&2E-25F+UJ
1+2 e-B(E-EF) + e-ﬁtzli-zepw)

f(E)=%B)+2f (E)=

In contrast to f,, the author introduces the charge occupation functiop f,, which depends on the
charge of the atom. In the case of dangling bonds, the DB charge gccupation function f , (E) varies

between +1 and -1 and is defined as

| — e PRE-2E+U)

2 e-ﬁ(E-B‘;) + e-ﬁ(ZE-ZEFwU]

fa(B) = "(8B)- £ (E)=1

oling bopd defects leads to a temperature-independent Fermni level E,,

wlnch is pmned

f,(E,)=0 & {'=f & 13,,=]-3‘,+--2Ii

functions under thi ¢ nentralj ition are independent of the Fermi level
E, and of the defect position E,:

. Uy 11 u 1 N1 _1o
O e L v Lo e

If the correlation energy U is positive with U »> 2kT, all dangling bond defects are in the neutral
state (f* =0, f° =1, f~ =0).

Fig B3-1 to fig.B5-4 show the electron occupation functiopn f,, DB charge occupation function f,,

the charge peutrality condition of the dangling bond defects and the total charge Q,, (E} of the
standard DOS (see appendix B2.3.).
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g 1.6 :- g 0.6
& 12fF 5 o2
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5 03 g 021}
=] t =] :
§ 04 _— § '0‘6 -— =
0: sl . sliag SRS ETI RTPRARTN ¥
-020100102030405 -020100102030405
E4 Eg+U E4 Eq+U
ErEleV] ErE [eV]
Fig B5-1: electron occupation function f,(E) Fig.B5-2: charge occupation function f, (E)
as a function of the Fermi level position E;. for as a function of the Fermi level position E. for
T=300K and U=0.3eV. T=300K and U=03eV.
EqtU
100 & T 7"1"'@ LI L
-: f+ f E L 3
gk 1 1016
g 5 N ]
2 a . £ DB
g 102 -5 8, 3
8 3 o= nfJ/n ]
g E & 1o 3
15 - [t - 3
g 10°F =f T ]
{}4‘r_1t||-|- i 1012 YN
.020152: 0102}52.'-300405 0.5 0.9 1.3
E
Ee-E [eV] Er-EvmobleV]
Fig.B5-3: two parts of the charge occupation Fig BS-4: total charge density |Q,,| of the
function f, (E) at T=300K and U=0.3eV as a standard DOS as a function of the Fermi level
function of the Fermi Jevel position E,. position E_.

Used values: T=300K, NE¥=310"em™,
E,»=09¢V, U036V and 2 W, =0.18eV.
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C im. f the " 3 " «Siz

‘The “generation” levels E,;, and E, of a defect withont a finite correlation energy at steady state
equilibrium are given as:

eff

2
Cogth EG,=EM+kT1n[z,,MJ z,=05Mg g R
Nowos v

Ny (E, ~ hw) C, ho
c:' = cf‘ - Eﬁp = Evm -kT ln(zp —'v—w%m—b-—] Zp = Bp .—o\?_ q)o 8 =—
r P

The figure below shows some possible “generation” levels E,, and E, for the case of a-Si:H based
on the following equations. Z, and Z, are calculated by:

2 2
Z,=26 LimWem®]  with 8, = LA L forienp,
G, [em’)
v, =¥, =10'cms™, C,=4.5710"cm’A™ and R, =0.3

The ratio of the band DOS and the effective DOS are approximated by (kT) (see appendix B4). At
room temperamre, the “generation” levels Eg, and Eg, are given as

Eg, =E,, —0.88+0.027 In(8, I,[mWcm ™))

Eg, = Eypy +0.88-0.027 In(8, 1, [mWem™])

In fig.B6~1, the mobility gap is 1.8¢V and the light intensity range 1" of CPM is indicated. The
region 1T of the defect-to-band generation mechanism G, is patterned for the case of
8, =8, =TI000. The ratios 8, and 8, need not be identical.

Midtiga et al. [90] argued that the deep defect Egmeb = 1.8eV

absorption range is controlled by the 2.'"'i""l""1"1"'1"'17"1"'1‘"*‘:"'!“'!".

Tgepm

ECmoh N -

generation mechanism G, they used 6, =40
as well as 0, = 4000 for the neutral dangling
bond states in the simulation of CPM on solar

cells.

Fig.B6-1: the "generation" levels E, and E,, Evinob0 [ 1000
as a function of the light intensity I, for three 10-1010-8 10-6 10-4 10-2 100 102
different 6,. Iy ImWenr-2]
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Appendix C (corresponding to chapter 3)

1 2 l"l"l. 342 i a2
N{em™eV-*)= ﬁ('n'fl} =6.77 10"[4] withi=C,Vandj=¢,h
m,

Do 279107 (NPemev->2))" withi=C,Vandj=¢ h

me
C1.2, The conductivity:
g 'em™1=1.62 lO"’{u,[cmW" “nfem)+p, [em*Vs™) p[cm"]}

A i K, =10* W (coplanar contact width)

O [(S2em) 1=k, 3um) Viv) L (coplanar contact length)

(=625 here)

S(TH(Q em)"1= 6, [(Qem)™] exp{l reop 2LV [eV]}

T[K]

T T il RN 1
N jem™) = 6.77 10” kT{eV] Je,[eV) [%) fx,)
with i = Cmob, Vmob, k=c, vandj=e, h
a(ho)em™]=C,lem’ A% ) ho[eVI R [A*)Y. T, (hw)[eV'em™)
b]

Cfem*A2j=9.605107 L 1

n, p,lem™)
CLS. The photon flux;
rem2le -k 221 g s L[mWem ]
@, [#s'em?}= 1 Ro)em l,=(—-R,)6.24 10! V]

K lem’eVs™ )= Colem®A ) aafe VI RIA ) &, [em™s™')

Kyfem’eVs™')=(1-R,) 6.24 10" C,lem*A? ) R* (A%} L, ImWem™)
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Cl.7. The energy:

he 1.24 k T[K]
V= V=t V]= - = ——
EleV] = hwleV] A - Afpm] E[eV] cT[K] n
d efect a tion_and the ensi

In the case of undoped a-Si:H, it is an established practice to identify the deep defect absorption range
by the ESR dangling bond spin density Nj:

integrated excess absorption &,: N;=7.910%cm?eV™ §, Flackson §2]

single-energy absomption Oy, : Ny =12~2.510%m™ ¢y (ho, =1.2¢V)  [Wyrsch 91]
{at a specific photon energy hmy,)

ra 3 lermination is well established [Tackson 82]. The
exponentlal Urbach tall is subtracted ﬁom the absorpuon spectrum (see fig.C2-1), and the resulting
spectrum is integrated and noted as &,. The corresponding area &, is marked in the figure below and
is assumed to be proportional to the ESR dangling bond spin density Ng. This method produces
some misteading situations if the standard DOS of chapter 2.1. is used: for the same deep defect
density N, an increase in the Urbach tail slope leads to a reduction of ®,. Furthermore, the figure
below indicates that the deep defect transitions are present for any pboton energy larger than the deep
defect ionisation energies.

Wyrsch et al. [91] proposed the “sing : ation, For a specific
photon energy %y, in the deep defect range (e g hty,=1 2eV in ﬁg C2-1), the absorption
coefficient oy, is assumed to be proportional to the ESR dangling bond spin density N;. In this case,
an increase in the total deep defect density Ny leads to an increase in the absorption coefficient ot,.

PDS spectrum
1100 IR A IR AR R R
= 1045'-*
E
= L
= 18
{143 r
Fig.C2-1: the measured PDS spectrum Ow E
CLpps(B), the integrated excess absorption &, 100 -
and the single-energy absorption o, at a :
specific photon energy ko, = 1.2¢V. 101 1 EW 416 18 2

EleV]
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C3. Numerjcal discretisation
The parameters of the discretisation are: Y,, Y,, Ey, N_,. The DOS is splil into 4 parts, each of
which is discretisised by Y, energy levels, as shown in fig.C3-1. The lowest energy value of the
delocalised band states DOS is here E,, , —E, = 0.5¢V. The lowest value of the DOS is here N,
= 10¥em™e V™, The output functions are discretisised by Y, values, as shown in fig.C3-2.

DOS discretisation discretisation
1022 SRARNEEE RN RARES RRLEN RRARIN I u; 103 |||-|1.il||n'u||-u||u||u||§

= 05: A 1 T Y, =14 e
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4. ctions
The input parameters at steady state equilibrium are reduced in the following way in section 3.2.3.:
localised band tail states: G,=06,,=6,=6G,=0C

neutral dangling bond states: 0= 6,= 0y
charged dangling bond states: ' =0, =0y

P
0

On the one hand, it is a strong oversimplification to describe all localised band tail states with the help
of only one capture cross section G,, on the other hand, the physical origin of the exponential tail
states is still so contradictory that this approach remains reasonable; it is unknown whether the
localised tail states in a-Si:H may be described by donor-like or by acceptor-like defects which each
ask for different capture cross sections for the charged and nncharged states. Some authors have
distinguished beiween charged and uncharged capture cross sections for exponential tail states, as
shown in tab.3 of section 3.2.2. However, no approach describes the exponential catl states by states
with a finite comelation energy, as postulated by the ESR measurements shown in fig.3 of section
3.1.2.

From the physical point of view, it is also an oversimplification to reduce the number of the capture
cross sections of the deep defect with a finit correlation energy (dangling bonds). In fact, there is no
physical indication that the capture cross section of nen-occupied atomic cores ( D) is identical to the
capture cross section of a defect atorn with two localised electrons (D7).

The standard value for the capture cross section of the neutral dangling bond states in a-5i:H is
calculated from life time measurements. Under the strong assumption that no tail state recombination
takes place, one finds values in the order of 6° = 10™em? = 1 A? [Pipoz 93].

As far as the capture cross section ratio 1, = 6™ /¢° of the charged 1o uncharged dangling bond
slates is concerned, it is an established practice to use values equal or larger than 1 (see tab.3 in
section 3.2.2.). This may be based on the calculations of charged capture cross sections in ¢-Si: the
ionised-atom scattering theory of crystalline semiconductors (see ¢.g. [Kireev 75]) seems to be valid
to the author also for ionised atoms in arnorphons semiconductors and gives capture cross sections in
the range of ,,, =107 - 10"cm? for jonised defect densities of N;,, <10"cra™. Such high values
for charged deep defect capture cross sections in a-Si:H were only used by Bube et al. [92]. The
ionised-atom scattering theory of crystallinc seraiconductors leads to lower capture cross sections in
the case of higher ionised defect densities, as observed in heavy doped c-Si and usually discussed in
the standard textbooks on semiconductors: ionised atom densities of N,,, = 107 ~510%cm™ lead to
G, =107 - 10"%cm’®. In a-Si:H, these are the typical values for the capture cross sections of
charged states: the ratio ry, of charged to nncharged capture cross sections varies between 1 - 100 in

the case of a-S1:H (see tab.3 in section 3.2.2.).

- 149-



al v

In order to calculate the steady-state equilibrium, one has to know the thermal velocity of the
delocalised charge carriers. The average energy of a classical gas is well known:
m,.,2_Mm > -3
E)= ={v} =m—v, =~KkT
(E) 5 {v} > ¥ 3
For a non-degenerated, crystalline semiconductor, the al velog is
the velocity of the electrons in the conduction band and the velocity of the holes in the valence hand at
thermal equilibrium (see e.g. [Smith 78]):
12 12
vylcms™]= (ﬁ) =6.743 10‘(-?&]
m m /m,

L

This thermal velocity v,, depends on the effective conductivity mass ", which is different from the
effective DOS mass ' introduced in chapter 2. At room temperature T, one finds the following
value, using the electron rest mass m, as the effective conductivity mass:

Vo =1168107cms™  for T=300K and ' /m, =1

Par amorphous semiconductors, no reasonable theary exists which allows one to calculate the
thermal velocity v,, of the charge carriers. Instead, many authors use the value of the classical gas
theory (see tab. 1 in 3.2.2.). The author also uses this value for both carrier types for the sake of
simplicity:

Va4 =V, =V, =107cms™ for T=300K

umeri nshtivit lysis of an

For this numerical analysis, the input parameter SET2c (see tab in 3.1.3. and tab.4 in 3.2.4.) and
the discretisation set LDS (see appendix C3) were chosen, For the numerical analysis of PDS, the
incident photon flux ®, is assumed to be constant with a value of ®, =510 cm™s™. For the
numerical analysis of CPM, the CPM factor ¢, is chosen as 10 here. Further, tbe CPM
conductivity G, is regulated with an accuracy of 1%. All spectra (o, (), g, (Ao) and
05 (RD)) are calibrated at (At = 2eV) =12 544cm™. Therefore, all spectra are relative. The
spectra are presented in three columns (except on the last page of this sensitivity analysis):

left colummn: = absorption o, (hm) at thermal equilibfium
middle column: = PDS spectrum 0t n(fi) at steady state equilibrium

right column; "G = const” CPM spectrum ¢, (20) at steady state equilibrium
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Appendix D: Notation

a breviation.
a-SitH arorphous hydrogenated silicon
c-Si crystalline silicon

pe-Si micro-crystalline stlicon

CPM Constant Photocurrent Method
PDS Photothermal Deflection Spectroscopy

ESR Eleciron Spin Resonance measurements

DOS standard density of state

CB parabolic conduction band

CBT exponential conduction band tail

VB parabolic valence band

VBT exponential valence band tail

LB dangling bonds

D pasitively charged dangling bond (atomic core)

D’ newtral dangling bond {occupied by one electron)

D" negatively charged dangling bond (occupied by two electrons)
DY+ dangling bond peak in the two-peak picture at E
D dangling bond peak in the two-peak picture at E+U

A {optical) transition between delocalised states

B {optical) transition between delocalised valence band states and localised states

C {optical) transition between localised states and delocalised conduction band states
D (optical) transition between localised states (here suppressed)

I region, where G, dominates
u region, where G, dominates
JI11 region, where G, dominates
v region, where G,+G, dominates

HDS high discretisation set
LDS low discretisation set
a ha
C gas dopant ratio during deposition
C, proporticnality factor between the absorption and the JDOS

(optical matrix element R?)
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G, proportionality factor between the absorption and the JDOS
{optical matrix element P?)

€ speed of light

Cepn ratio between the CPM conductivity and the dark conductivity

d thickness d of the material / sample

E energy

E, activation energy of the dark conductivity

E; Fermi level position (thermal equilibriwm)

E.p middle epergy of the deep defect peak (dangling bonds)

E, defect position of a Dirac-function defect

Eg bandgap

EF optical bandgap

E:“"’ mobtlity gap

E, photon energy of the Cody plot with z,(Bw) = 0

E. edge of the parabolic conduction band

E, edge of the parabolic valence band

Ecne mobility edge of the conduction band

Evoos mobility edge of the valence band

E, quasi-Fermi-level for trapped electrons

E, quasi-Fermi-level for trapped holes

E; optical "ionisation” energy to the conduction band

E, optical "ionisation™ energy to the valence band

E;. upper "recombination” level of a defect with a finite correlation energy U
Eg, lower "recomnbination” level of a defect with a finite correlation energy U
Eqn upper “generation™ level of a defect without a finite correlation energy
E;, Iower "generation” level of a defect without a finite correlation energy
E2 characteristic tail slope of the exponential conduction band tail

E} characteristic tail slope of the exponential valence band tail

E¥ connection point of Ng(E) with N4 (E)

EY! connection point of Ny, (E) with N3 (E)

E, parameter used for the discretisation

E, energy of the occupied electron states

E, energy of the non-occupied electron states

e band-to-band generation probability (transition type A)

e?, ¢%,  thermal emission probability of negative charge carriers

ey, ¢y thermal emission probability of positive charge carriers

e™ P defect-to-band generation probability of negative charge carriers (iransition type C)
(also called optical emission probabilities of negative charge carriers)

e, e defect-to-band peneration probability of positive charge carriers (transition type B)

P ey
(also called optical emission probabilities of positive charge carriers)
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e,. &, thermal plus optical emission probability of negative charge cariers

€,, €,y thermal plus optical emission probability of positive charge carriers

f, f(B) occupation function

*(E) occupation function of positively charged dangling bonds

) (E) occupation function of neutral dangling bonds

f-(E) occupation function of negatively charged dangling bonds

f.(B) electron occupation function of a defect with a finite correlation encrgy

f 4 (E) DB charge occupation function

f.(E) occupation function of the localised conduction band at steady state equilibrium
f (E} occopation function of the localised valence band at steady state equilibrium
Ty comrection function of the effective DOS

G generation rate

Geem generation rate at the CPM working point
G(x) local generation rate

G, total generation rate

G, (k)  spectrally dependent total generation rate

Gﬁ(km) partial generation rate of the standard DOS i =C,V;i=¢, v, +, 0, -}
G, (ko) band-to-band generation rate (G, (hm)) caused by transitions A
G,(hty)  defect-to-band generation rate (Gy (hm)} caused by transitions B and C

G, defect-to-band generation rate caused by transition C
(defect withont a finite correlation energy)

G, defect-to-band generation raie cavsed by transition B
(defect without a finite correlation energy}

G, defect-to-band generation rate caused by transitions B and C
(defect without a finite correlation energy)

H Hamiltonian

h, & Plank's constant

ho photon energy

hay, specific photon energy for the calibration of PDS

hw,, photon energy @, of the single energy absorption .,

I measured current

| P measured CPM current

I, measured dark current (at thermal equilibrinm)

I, measured photo current {m-mode)}

| measured total current (cw-maoxde)

I, incident light intensity

b light intensity vsed for CPM

Hhw)  jointdensity of states (JDOS)
J (hw)  partial joint density of states (JDOS) of transitions of type A
J(hw)  partial joint density of states (JDOS) of eransitions of type B

-170 -



I.(hw)  partial joint density of states (JDOS) of transitions of type C

Ip(hw)  partial joint density of states (TDOS) of transitions of type D

Ihw)  partial joint density of the standard DOS (i=C,V; i=¢, v, +, 0, -)

K K, ratios which determinate the occupation function at steady state equilibrivm

K, f{,_, ratios K and K, neglecting the thermal emission and generation probabilities
k Boltzmann's constant

k occupation f(E), neglecting the thermal emission and generation probabilities
k* accupation f*(E), neglecting the thermal emission and generation probabilities
ke occupation £°(E), neglecting the thermal emission and generation probabilities
k occupation f~(E), neglecting the thermal emission and generation probabilities
k used for the expression of G,, G, and G, (defect without a finite correlation energy)
k, ratic of 10°W /L of a coplanar contact

L coplanar contact length

m particle mass

m electron rest mass

m effective DOS mass for electrons in the conduction band

m, effective DOS mass for holes in the valence band

i effective conductivity mass

N(E) DOS of the free electrons

N,.(E) occupied electron states

N,..(E) non-occupied electron states

N {(E)  DOS of the parabolic conduction band

Ny (E)  1DOS of the parabelic valence band

Negr(E)  DOS of the exponential conduction band tail

Nyp{(E) DOS of the exponential valence band tail

NZ bending parameter of the pamabolic cenduction band
N¢ bending parameter of the parabolic valence band

N DOS at the connection paint of Ng(E) with N, (E)
Ny DOS at the connection paint of Ny, (E) with Ny (E)
Nepypr(E) POS of the conduction band

Nuarvpr{E) DOS of the valence band

N(E) DOS of the delocalised conduction band states

N, (E) DOS of the delocalised valence band states

N.(E) DOS of the localised conduction band tail states

N, (E) DOS of the localised valence band tail states

Ni{E)  used for the expression of the thermal emission probability (el , e3,)
NL(E) used for the expression of the thermal emission probability (ep , e}
N emay DOS at the mobility edge of the conduction band

Noymo DOS at the mobility edge of the valence band

N effective DOS at the mobility edge of the conduction band
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Qw(( EF)
Q (n.p)

effective DOS at the mobility edge of the valence band
defect density of a Dirac-function defect

Gaussian shaped deep defect peak (dangling bonds)
total (integrated) density of defects (dangling bonds)
negatively charged dangling bond density

neutral dangling bond density

positively charged dangling bond density

ESR dangling bond spin density

ionised defect densities

minimum value of the DOS for the numerical apalysis
charge carrier density above the mobility edge of the conduction band
charge density in the localised conduction band tail states
capture probability of negative charge carriers

refraction index of a-SitH

- MOMeENtam operator

average square momentum matrix clement (optical matrix element)
charge carrier density below the mobility edge of the valence band
charge density in the localised valence band tail states

eapture probability of positive charge carriers

total charge density

total charge density at thermal equilibrium

total charge density at steady state equilibrium

total recormbination rate

band-to-band recombination rate

defect recombination rate

partial recombination rate of the standard DOS (i=C,V;i=¢c,v, +,0,-)
dipole operator

average square dipole matrix element (optical matrix element)
reflection coefficient of a-Si:H / air imterface

reflection coefficient of a-Si:H / glass interface

capture cross section ratio of the charged to uncharged DB states
caphare cross section ratio of the localised band tail states to the uncharged DB states
detected PDS signal

temperaiure

deposition substrate temperature

averaged transmission

minimvm valoes of the transmission

maximum values of the transmission

toial thesrmal emission rate

band-to-band thermal emission rate
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defect thermal emission rate
partial thermal emission rate of the standard DOS (i=C,V;i=c¢, v, +,0,-)
time:
applied voltage (chapter 1)
correlation energy of a defect (chapter 2 and chapter 3)
coplanar contact width

BB half-width of the deep defect peak (dangling bonds)

Y,, Y,  parameters of the discretisation

used for the expression of E,

used for the expression of Eg,

z,(hw)  function for the Cody plot

z,, Z,u  correlation factors of a defect with a finite correlation energy U

-3

= =

=

ggacar-

¢} Greek alphabet

o absorption, absorption coefficient

o(x) local absorption coefficient

ofhw) absorption, absorption coefficient”

o, (hod)  absorption spectrum at thermal equilibrium
Ocppy(Btw) CPM spectrum

g (Ren) PDS spectrom

Ot (R} dual-beam spectrum

Oy deep defect absorption value

T, integrated excess absorption

oy single energy absorption at a specific photon energy Aoy,

B =1/(kT)

¥ power law exponent (Im-maxde), also called Rose factor

¥ power law exponent (cw-mode}

Yerm» Yere POWer law exponent at the CPM "working point”

An, change in the refraction index of a-Si:H

AX change in the position of the PDS probe beam

£, threshold energy of the mobility edge of the condnction band

£, threshold energy of the mobility edge of the valence band

n microscopic guantam efficiency

0, ratio of the optical matrix element and the capture cross section in the expression of
E(‘m

0, ratio of the optical matrix element and the capture cross section in the expression of
Eg

Bps ratio of the optical matrix element and the neutral DB capture ¢ross section

A wave length
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average mobility at the mobility edge of the conduction band
average mobility at the mobility edge of the valence band
chopper frequency {lm-mode)

thermal velocity

thermal velecity of negative charge carriers

thermal velocity of positive charge carmiers

voltage power law factor (dark current)

voltage power law factor {photo current)

voltage power law factor (total currenr)

atomic density

conductivity

dark conductivity / conductivity at thermal equilibrium
total conductivity {cw-mode)

phota conductivity (lm-mode)

condnctivity at the CPM working paint

prefactor of the measured dark conductivity

capture cross section of nentral dangling bond states
capture cross section of charged dangling bond states
capture cross section of any localised band tail states
capture cross section based on the ionised scattering theory

electron caphure cross section of positively charged dangling bond states

electron capture cross section of neutral dangling bond states
hole capture cross section of newtral dangling bond states

hole capture cross section of negatively charged dangling bond states
electron capture cross section of localised conduction band tail states

hole capture cross section of localised valence band tail states

electron capture cross section of localised conduction band tail states

hole capture cross section of localised valence band tail states
incident photon flux

lecal photon flux

threshold energy € in terms of kKT

threshold energy €, in terms of kT

threshold energy €, in terms of kKT
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