N

N

Spectroscopie de capacité de diodes Schottky en silicium
amorphe hydrogéné et de cellules photovoltaiques a haut
rendement a hétérojonctions de silicium
Olga Maslova

» To cite this version:

Olga Maslova. Spectroscopie de capacité de diodes Schottky en silicium amorphe hydrogéné et de
cellules photovoltaiques & haut rendement a hétérojonctions de silicium. Autre [cond-mat.other].
Université Paris Sud - Paris XI; Saint Petersburg Academic University (Saint Petersburg), 2013.
Francais. NNT: 2013PA112088 . tel-00974786

HAL Id: tel-00974786
https://theses.hal.science/tel-00974786
Submitted on 7 Apr 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-00974786
https://hal.archives-ouvertes.fr

UNIVERSITE

PARIS
SU

UNIVERSITE PARIS-SUD

ECOLE DOCTORALE : STITS

Laboratoire de Génie Electrique de Paris

DISCIPLINE PHYSIQUE

THESE DE DOCTORAT

soutenue le 14/06/2013

par

Olga MASLOVA

Capacitance spectroscopy in hydrogenated
amorphous silicon Schottky diodes and high
efficiency silicon heterojunction solar cells

Directeur de recherche CNRS (LGEP)

Directeur de thése : Jean-Paul KLEIDER
Co-directeur de theése : Eugeniy TERUKOV Professeur (loffe Physical-technical Institute)
Composition du jury :
Président du jury : Pere ROCA i CABARROCAS Directeur de recherche CNRS (LPICM)
Rapporteurs : Marcel PASQUINELLI Professeur (IM2NP)

Marko TOPIC Professeur (University of Ljubljana)
Examinateurs : Jean-Paul KLEIDER Directeur de recherche CNRS (LGEP)

Marie-Estelle GUEUNIER-FARRET  Maitre de conférence (UPS - LGEP)
Eugeniy TERUKOV Professeur (loffe Physical-technical Institute)



Abstract

In this thesis, research on a-Si:H Schottky diodes and a-Si:H/c-Si heterojunctions is presented
with the focus on the capacitance spectroscopy and information on electronic properties that can be
derived from this technique.

Last years a-Si:H/c-Si heterojunctions (HJ) have received growing attention as an approach
which combines wafer and thin film technologies due to their low material consumption and low
temperature processing. Compared to conventional crystalline silicon (c-Si) technologies, HJ solar
cells benefit from lower fabrication temperatures (around 200°C) thus reduced costs, possibilities of
large-scale deposition, better temperature coefficient and lower silicon consumption (thinner wafers
can be used due to excellent passivation quality). In this area impressive results were achieved by
Sanyo Electric with the so called a-Si/c-Si Heterojunction with Intrinsic Thin layer (HIT) solar cell.
This technology showed excellent surface passivation and the highest power conversion efficiency.
The most recent record efficiency belongs to Panasonic with 24.7% for a cell of practical size (100
cm? and above) : was obtained.

There are several key properties of a-Si:H/c-Si heterojunctions that should be addressed when
fabricating a high efficiency device. Firstly, the density of states (DOS) in the bandgap of a-Si:H is
of particular importance since bandgap defects determine the band bending and space charge in a-
Si:H, favor the trapping and recombination of free carriers and thus also have an impact on
transport of the carriers and their collection on the contacts. Secondly, determination of band offsets
between a-Si:H and c-Si is of crucial importance since they govern the carrier transport across the
junction and determine the band bending in c-Si. The aim of this thesis is to provide a critical study
of the capacitance spectroscopy as a technique that can provide information on both subjects: DOS
in a-Si:H and band offset values in a-Si:H/c-Si heterojunctions.

In Chapter 1 a description of hydrogenated amorphous silicon is presented with the focus on its
application in photovoltaic devices. Chapter 2 recalls the basics of p-n junctions and the
fundamental principles of the capacitance vs voltage (C-V) technique. Possibilities and limitations
of C-V measurements and admittance spectroscopy are addressed as well. The depletion
approximation is recalled since it plays a very important role in the description of a junction and
may be a reason of erroneous interpretations of the capacitance measurements.

In Chapter 3, capacitance spectroscopy in a-Si:H Schottky diodes is investigated. Our interest is
concentrated on the simplified treatment of the temperature and frequency dependence of the
capacitance that allows one to extract the density of states at the Fermi level in a-Si:H Schottky
diodes. To our knowledge no critical assessment of this treatment has been carried out. We focus on
the study of the reliability and validity of this approach applied to a-Si:H Schottky barriers with
various magnitudes and shapes of the DOS. Several structures representing n-type and undoped
hydrogenated amorphous silicon Schottky diodes are modeled with the help of numerical simulation
softwares. We show that the reliability of the studied treatment drastically depends on the
approximations used to obtain the explicit analytical expression of the capacitance in such an
amorphous semiconductor.



In the second part of the chapter, we study the possibility of fitting experimental capacitance
data by numerical calculations with the input a-Si:H parameters obtained from other experimental
techniques. With slight corrections of parameters describing the DOS distributions a very good
reproduction of experimental capacitance data is obtained. We conclude that the simplified
treatment of the experimentally obtained capacitance data together with numerical modeling is a
valuable tool to assess some important parameters of the material with no need in any additional
knowledge on the DOS of a studied sample.

In chapter 4, we study the capacitance spectroscopy of a-Si:H/c-Si heterojunctions with special
emphasis on the influence of a strong inversion layer in c-Si at the interface. Firstly, we focus on the
study of the frequency dependent low temperature range of capacitance-temperature dependencies
of a-Si:H/c-Si heterojunctions. The theoretical analysis of the capacitance steps in calculated
capacitance-temperature dependencies is presented by means of numerical modeling. It is shown
that two steps can occur in the low temperature range, one being attributed to the activation of the
response of the gap states in a-Si:H to the small signal modulation, the other one being related to the
response of holes in the strong inversion layer in c-Si at the interface. The experimental behavior of
C-T curves is discussed.

In the second part of Chapter 4, the quasi-static regime of the capacitance is studied. We show
that the depletion approximation fails to reproduce the experimental data obtained for (p) a-Si:H/(n)
c-Si heterojunctions. Due to the existence of the strong inversion layer, the depletion approximation
overestimates the potential drop in the depleted region in crystalline silicon and thus underestimates
the capacitance and its increase with temperature. A complete analytical calculation of the
heterojunction capacitance taking into account the hole inversion layer is developed. It is shown
that within the complete analytical approach the inversion layer brings significant changes to the
capacitance for large values of the valence band offset. The experimentally obtained C-T curves
show a good agreement with the complete analytical calculation and the presence of the inversion
layer in the studied samples is thus confirmed. The application of capacitance measurements in the
derivation of the band-offsets is discussed by comparing experimentally and analytically obtained
C-V dependencies at different temperatures. The discussion of the influence of the c-Si surface
inversion layer on the C-V profiles is provided as well. We demonstrate that due to the existence of
the strong inversion layer, the derivation of the band offsets from C-V measurements leads to
erroneous results.



Résumé

Les travaux développés dans cette these sont dédiés a 1’étude des propriétés électroniques de
diodes Schottky de silicium amorphe hydrogéné (a-Si:H) et d'hétérojonctions entre silicium
amorphe hydrogéné et silicium cristallin, a-Si:H/c-Si au moyen de spectroscopies de capacité de
jonctions.

Parmi les technologies photovoltaiques a base de silicium, les cellules solaires a hétérojonction
a-Si:H/c-Si ont recu un intérét croissant car cette nouvelle technologie a un fort potentiel
d’amélioration du rendement photovoltaique et de réduction de coits. Par rapport aux cellules
photovoltaiques classiques a homojonctions, les cellules a hétérojonctions bénéficient des avantages
de dépot des couches amorphes a grande échelle et a des températures faibles, autour de 200°C
(procédés de dépdt par décomposition assistée par plasma de gaz précurseurs), d’un meilleur
coefficient de température, et d’'une consommation plus faible de silicium (des plaques plus minces
peuvent étre utilisées en raison de I’excellente qualité de passivation de surface par le a-Si:H). A
partir de cette technologie a hétérojonctions, la société japonaise Panasonic a réalisé¢ en 2013 une

cellule de grande surface (>100 cm?) possédant un rendement de conversion record de 24,7%.

Lors de la fabrication des cellules solaires a haut rendement plusieurs parametres d’une
hétérojonction a-Si:H/c-Si doivent étre considérés.

Premierement, la densité d’états (DOS, Density Of States) dans le gap du a-Si:H est d’une
grande importance car il s’agit de défauts qui :

° déterminent la courbure des bandes et la charge d’espace dans le a-Si:H ;
. favorisent le piégeage et la recombinaison de porteurs libres ;
. influencent le transport des porteurs libres jusqu'aux contacts et leur collecte.

Deuxiemement, la détermination des désaccords des bandes entre la couche amorphe et la
couche cristalline est indispensable puisque ceux-ci controlent le transport a travers la jonction et
déterminent la courbure des bandes dans c-Si, ce qui va notamment influencer la recombinaison des
porteurs sous lumiere, donc la tension de circuit ouvert des cellules. Cette these a pour but d’étudier
la spectroscopie de capacité comme technique d'analyse de parametres clés pour les dispositifs a
hétérojonctions de silicium : la densité d’états dans le a-Si:H et les désaccords des bandes entre a-
Si:H et c-Si.

Dans le premier chapitre de ce manuscrit, nous présentons une description du silicium amorphe
axée sur son application dans le domaine du photovoltaique.

Dans le deuxieme chapitre nous rappelons les éléments de base de la théorie sur la jonction p-n



ainsi que les principes de la technique couramment désignée C-V (capacité-en fonction de la
tension). Nous abordons aussi les potentiels et les limitations des mesures C-V et de la spectroscopie
d’admittance. A ce stade, un rappel est effectué sur 1’approximation courante consistant a
déterminer 1'extension de la zone de charge d'espace de la jonction et sa capacité en négligeant les
contributions des deux types de porteurs libres (dénommée quelquefois approximation de déplétion,
par transposition de sa désignation anglo-saxonne), car elle joue un rdle important dans la
description d’une jonction et elle peut étre a 1’origine de fausses interprétations des mesures de

capacité.

Le troisieme chapitre est dédié a 1’étude de la capacité de diodes Schottky. Nous nous
concentrons sur un traitement simplifié de la capacité en fonction de la température et de la
fréquence reposant sur une expression analytique obtenue par une résolution approchée de
I'équation de Poisson. Ce traitement permet en principe d’extraire la densité d’états au niveau de
Fermi dans le a-Si:H et la fréquence de saut des électrons depuis un état localisé au niveau de Fermi
vers la bande de conduction, mais il n'a jamais été critiqué sur la base d'une comparaison avec un
calcul numérique complet. En appliquant ce traitement simplifi€é a la capacité calculée sans
approximation a l'aide de deux logiciels de simulation numérique, nous montrons que sa fiabilité et
sa validité dépendent fortement de la distribution des états localisés dans la bande interdite du a-
Si:H et de la position du niveau de Fermi. Globalement, le traitement permet toujours d'obtenir
I'ordre de grandeur de la densité d'états au niveau de Fermi, mais la fréquence de saut peut étre sur-
estimée de plusieurs ordres de grandeur

Nous montrons également que le calcul numérique de la capacité, a partir de parametres du
matériau obtenus par d'autres techniques de caractérisation, permet, moyennant de légers
ajustements de ces parametres, de bien reproduire les données mesurées expérimentalement, en
particulier la dépendance de la capacité en fonction de la température et de la fréquence..

Dans le chapitre 4 nous abordons 1’étude de la capacité des hétérojonctions entre a-Si:H de type
p et c-Si de type n, et nous mettons particulierement en avant 1’existence d'une couche d’inversion
forte a I’interface dans le c-Si, formant un gaz bidimensionnel de trous. Dans une premiere partie,
nous présentons une étude par simulation numérique de la dépendance de la capacité en fonction de
la température, pour laquelle un ou deux échelons peuvent étre mis en évidence a basse
température. Leur analyse montre qu’un des ces échelons est attribué a 1’activation de la réponse de
la charge dans le a-Si:H, qui peut dépendre a la fois du transport et du piégeage/dépiégeage
d'électrons au niveau de Fermi, alors que I’autre, présentant une énergie d'activation plus grande, est
lié a la modulation de la concentration des trous dans la couche d’inversion forte, lorsque celle-ci
existe (i.e. pour des valeurs suffisamment élevées du désaccord de bande de valence). On présente
ensuite une discussion de résultats expérimentaux. Si un échelon de capacité peut quelquefois étre
détecté, son énergie d'activation reste toujours plus faible que celle observée dans les simulations
pour la modulation du gaz de trous. Une interprétation basée sur des mécanismes de transport par
effet tunnel et par saut dans le a-Si:H est proposée pour expliquer ce désaccord entre résultats
expérimentaux et simulation numérique, celle-ci n'intégrant pas ce type de mécanismes. Nous
mettons par ailleurs en évidence un comportement quasi statique de la capacité montrant une
augmentation significative avec la température.



Ce régime quasi-statique de la capacité fait I’objet d’une discussion dans la deuxieme partie du
chapitre 4. Nous mettons en relief le fait que I’approximation de la zone de déplétion ne permet pas
de reproduire cette augmentation de la capacité en fonction de la température. Du fait de 1’existence
de la couche d’inversion forte, la chute de potentiel dans la zone de déplétion du c-Si est plus faible
que la valeur déterminée par le calcul attribuant toute la chute de potentiel a la zone de déplétion.
Par conséquent, cette approximation conduit a sous-estimer la capacité ainsi que son augmentation
avec la température. Nous présentons alors un calcul analytique complet qui tient compte a la fois
de la distribution particuliere du potentiel dans le a-Si:H, et des trous dans le c-Si dont la
contribution a la concentration totale de charges n'est pas négligeable dans la couche d’inversion
forte. Le calcul analytique complet permet de bien reproduire les résultats expérimentaux de
capacité en fonction de la température; ceci confirme la présence de la couche d’inversion forte
dans les échantillons étudiés. On présente enfin une discussion sur I’application de la technique C-V
pour la détermination des désaccords des bandes, ainsi que la comparaison des courbes capacité-
tension obtenues expérimentalement et analytiquement a différentes températures. Nous précisons
ainsi aussi I’influence et I'importance de la prise en compte de la couche d’inversion forte dans
I'analyse des mesures C-V.
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1 a-Si:H and its applications

1 a-Si:H and its applications

1.1 Description of the a-Si material

Silicon in its amorphous state (a-Si) was first obtained by Bertzelius at the beginning of
the 19" century [1], but until the 1960s it was not used as a semiconductor. Amorphous silicon
without hydrogen was prepared in those days by thermal evaporation or sputtering [2]. This
unhydrogenated material was highly defective, which inhibited its use as a useful
semiconductor.

In 1965 it was discovered that deposition of amorphous silicon employing glow discharge
as the deposition technique yielded a material with much more useful electronic properties
[3,4]. Some years later, Fritsche and co-workers in Chicago confirmed that a-Si produced
from a glow discharge of SiH, contains hydrogen [5,6]. In 1975 a boost in research activities
occurred when it was shown that hydrogenated amorphous silicon (a-Si:H) could be n- or p-
type doped by introducing phosphine (PH3) or diborane (B,Hs) in the plasma [7]: a variation
of resistivity of more than 10 orders of magnitude could be reached by adding small amounts
of these dopants.

This discovery immediately initiated the research on practical amorphous silicon devices.
Carlson and Wronski at RCA Laboratories started in 1976 with the development of
photovoltaic devices [8]. The first p-i-n junction type solar cell was reported by the group of
Hamakawa [9,10]. In 1980, Sanyo was the first to fabricate market devices: solar cells for
hand-held calculators [11]. Application of a-Si:H in field effect transistors [12-14] is based on
the capability to deposit and process a-Si:H over large areas. Combining the photoconductive
properties and the switching capabilities of a-Si:H has yielded many applications in the field
of linear sensor arrays, e.g. 2D image sensors, position-sensitive detectors of charged
particles, X-rays, gamma rays, and neutrons [15-18]. The photovoltaic applications of a-Si:H
will be discussed in details in Section 1.3.
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1 a-Si:H and its applications

1.1.1 Atomic structure

The disorder of the atomic structure is the main feature which distinguishes amorphous
from crystalline materials. Hydrogenated amorphous silicon is a disordered semiconductor
whose optoelectronic properties are governed by the large number of defects present in its
atomic structure. The amorphous nature arises from the absence of long-range order in the
lattice of the material. The first few nearest neighbor distances are separately distinguished,
but the correlation between atom pairs disappears after a few interatomic spacings [19]. One
can describe the disorder by the atom pair distribution function, which is the probability of
finding an atom at a distance r from another atom. A perfect crystal is completely ordered to
large pair distances, while an amorphous material only shows short-range order. Because of
the short-range order, material properties of amorphous semiconductors are similar to their
crystalline counterparts. The covalent bonds between the silicon atoms in a-Si:H are similar to
the bonds in crystalline silicon.

Amorphous semiconductors are often described as a continuous random network (CRN)
[20,21], that is shown in Fig.1.1. The periodic crystalline structure is replaced by a random
network in which each atom has a specific number of bonds to its closest neighbors (the
coordination). The random network easily incorporates atoms of different coordination, even
in small concentration. This is in marked contrast to the crystalline lattice in which impurities
are generally constrained to have the coordination of the host because of the long range
ordering of the lattice. This difference is most distinctly reflected in the doping and defect
properties of a-Si:H.

In the ideal CRN model for amorphous silicon, each atom is fourfold coordinated, with
bond lengths similar (within 1 % [22]) to that in the crystal. In this respect, the short range
order (< 2 nm) of the amorphous phase is similar to that of the crystalline phase. Amorphous
silicon lacks long-range order because the bond-angles deviate from the tetrahedral value.
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Coordination

Fig.1.1. An example of a continuous random network containing atoms of different bonding
coordination (from [19]).

The continuous random network may contain defects, but the concepts of interstitials or
vacancies applicable for crystalline materials are not valid here. Instead, in the CRN one uses
the coordination defect when an atom has too few or too many bonds. In a-Si:H, dangling
bonds arise when a silicon atom has too few bonds to satisfy its outer sp3 orbital. It is the
common view that the dominant defect in amorphous silicon is a threefold-coordinated silicon
atom. This structural defect has an unpaired electron in a non-bonding orbital, called a
dangling bond. Pure amorphous silicon has a high defect density of the order of 10* c¢cm?,
which prevents photoconductance and doping. The special role of hydrogen with regard to
amorphous silicon is its ability to passivate defects by providing for electrons to the dangling
bonds. Hydrogenation to a level of ~ 10 at.% reduces the defect density by four to five orders
of magnitude.

1.1.2 Electronic structure and properties

The structural disorder influences the electronic properties in several different ways. The
similarity of the covalent silicon bonds in crystalline and amorphous silicon leads to a similar
overall electronic structure - amorphous and crystalline phases of the same material tend to
have comparable band gaps. The disorder represented by deviations in the bond lengths and
bond angles broadens the electron distribution of states and causes electron and hole
localization as well as strong scattering of the carriers. Structural defects such as broken
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bonds have corresponding electronic states which lie in the band gap. There are also
phenomena which follow from the emphasis on the local chemical bonds rather than the long
range translational symmetry. The possibility of alternative bonding configurations of each
atom leads to a strong interaction between the electronic and structural states and causes the
phenomenon of metastability.

One of the fundamental properties of a semiconductor or insulator is the presence of a
band gap separating the occupied valence band from the empty conduction band states. Since
according to the free electron theory, the band gap is a consequence of the periodicity of the
crystalline lattice, in the past there were considerable debates over the reason that amorphous
semiconductors had a band gap at all. It was stated by Weaire and Thorpe [23] that the bands
are most strongly influenced by the short range order, which is the same in amorphous and
crystalline silicon and the absence of periodicity is a small perturbation.

The preservation of the short-range order results in a similar electronic structure of the
amorphous material compared to the crystalline one: bands of extended mobile states are
formed (defined by the conduction and valence band edges, Ec and Ey) separated by the
energy gap, E,, more appropriately termed "mobility gap". The long-range atomic disorder
broadens the densities of energy states, resulting in band tails of localized states that may
extend deep into the band gap. Coordination defects (dangling bonds) result in electronic
states deep in the band gap, around mid-gap. As electronic transport mostly occurs at the band
edges, the band tails greatly determine the electronic transport properties. The deep defect
states determine electronic properties by controlling trapping and recombination.

In crystalline semiconductors the energy bands are described by energy-momentum (E-k)
dispersion relations that arise from Bloch solution for the wavefunction of the electronic
states. This solution to Schrodinger's equation does not apply to an amorphous semiconductor
because the potential energy of an atomic structure is no longer periodic. A weak disorder
potential results in only a small perturbation of the wavefunction and has the effect of
scattering the electron from one Bloch state to another. The strong scattering causes a large
uncertainty in the electron momentum, so that it is not a good quantum number and is not
conserved in electronic transitions.
The loss of k-conservation is one of the most important results of disorder and changes
much of the basic description of the electronic states. Some consequences of the loss of k-
conservation are:
e The energy bands are no longer described by the E-k dispersion relations, but instead
by a density-of-states distribution N(E). Also the electron and hole effective masses
must be redefined as they are usually expressed from the curvature of E(k).

¢ The conservation of momentum selection rules does not apply to optical transitions in
amorphous semiconductors. Consequently, the distinction is lost between a direct and
an indirect band gap, in which transitions from the highest-energy state in the valence
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band to the lowest-energy state in the conduction band are forbidden by momentum
conservation. Instead transitions occur between states which overlap in real space.
This distinction is most obvious in silicon which has an indirect band gap in its
crystalline phase but not in the amorphous phase.

¢ The disorder reduces the carrier mobility because of the frequent scattering and causes
the much more profound effect of the wavefunction localization.

1.1.3 Density of states in the band gap

The loss of momentum conservation in the electronic transitions results in the
replacement of the energy-momentum band structure of a crystalline semiconductor by an
energy-dependent density of states (DOS) distribution, N(E). It is convenient to divide N(E)
into three different energy ranges: the main conduction and valence bands, the band tail
regions close to the band edges, and the defect states in the forbidden gap. Our interest is
concentrated on the two latter since electronic defects reduce the photosensitivity, suppress
doping and impair the device performance of a-Si:H. They control many electronic properties
and are centrally involved in the substitutional doping process.

Defects are described by three general properties. First is the set of electronic energy
levels of different charge states. Those defects with states within the band gap are naturally of
the greatest interest in understanding the electronic properties because of their role as traps
and recombination centers. Second is the atomic structure and bonding of the defect, which
determine the electronic states. Finally, the defect reactions describe how the defect density
depends on the growth and on the treatment after growth.

The first arising question is the definition of a defect in an amorphous material. In a
crystalline material any deviation from an ideal lattice would be considered as a defect,
naming a vacancy or an interstitial atom. By analogy with the crystal one can define a defect
in an amorphous material as a deviation from the ideal amorphous network where all the
bonds are satisfied. This approach gives an idea of a coordination defect in which an atom has
a distinctly different bonding state from the ideal. In ideal a-Si: H all the silicon atoms are
four-fold coordinated and all the hydrogen atoms are singly coordinated. An example of a
coordination defect where the bonding state is different from the ideal one is the three-fold
coordinated silicon with a dangling bond. This type of defect therefore has the distinguishing
characteristic of either a paramagnetic spin or an electric charge, which sets it apart from the
electronic states of the ideal network.

As it was already mentioned above, in common with most other covalent amorphous
semiconductors, the overall shapes of the valence and conduction bands of a-Si: H are hardly
different from a smoothed crystalline density of states. The most significant difference
between the crystal and amorphous phases comes at the band edges where the disorder creates
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a tail of localized states extending into the gap. The width of the tail depends on the degree of
disorder and on the bonding character of the states. The localized tail states are separated from
the extended band states by the mobility edge [24].

Information on band tails is generally obtained from photoemission and absorption data
[25-28]. The photoemission data provide some direct information on the density of states
N(E) in the band tails, but the results are limited by the low sensitivity and energy resolution
of the experiment. The density of states can be determined only to about 5-10% of the peak
density in the band, with an energy resolution of 0.05-0.1 eV, after careful correction for the
experimental resolution. Both band edges are found to have an approximately linear energy
dependence of N(E) over an energy range of about 0.5 eV from the band edges and down to a
density of about 3-10*! cm~eV"'. The density of states deep in the band gap of good quality a-
Si:H is no more than 10°—10" cm™ eV'[19], so that another 5-6 orders of magnitude of
sensitivity are needed to describe the band tails properly.

A typical density of states consists of the following terms [29]:

1. a free electron conduction band DOS for E > Ec:
1 (2m,\"
N(E) = = ( . j (E-E)"? (1.1
2. a free hole valence band DOS for E < Ey:
1 2m 3/2
N(E) = = ( hzhj (E, —E)'? (1.2)
3. a conduction band tail for E < Ec:
E. . —-E
Ny (E) = N(Ec)exp(_ < j (1.3)
kBTC
4. a valence band tail for E > Ey:
E-E
Ny (E)=N (Ev)exp(— Y j (1.4)
kBTV
5. a Gaussian shaped deep defect band centered at E,,guss With a width wea,, and state

density at maximum N,

(E_EmGamv)z
Npp(E) = N,,, exp e (1.5)

Gauss
where % is the normalized Planck constant, m, ans m;,, are the effective masses of an electron
and a hole respectively, Nc and Ny are densities of states in the conduction and valence band
respectively, T¢ and Ty are characteristic temperatures that define the slope of the tails, Ev and
E¢ are the valence band edge and conduction band edge energies respectively, N(Ey) and
N(E() are the state densities at the corresponding band edges.
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The most commonly used model for the DOS in the gap is the one introduced by Mott
and Davis [30]. Compared to the typical DOS, they introduced two deep defect Gaussian
distributions instead of a single one. Thus, according to this model the density of states in the
band gap is written in the following way:

_ _ 2
N(E) = N(EC)GXP(— EI': T Ej + N(Ev)eXp(— Ek TEV j-i-NOmleXp(— _(E E’"Gau;xl) ]

B~ C B~V

Gauss1

(1.6)

(E B EmGams2 )2 j

2
wGauss 2

+N 0mzexp{—

An example of the density of states distribution according to the model of Mott and Davis
is presented in Fig.1.2.
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Fig.1.2. Density of state distribution in the gap of amorphous silicon introduced by Mott and
Davis.

1.1.3.1 Dangling bonds

As it was mentioned above, the main coordination defect in amorphous silicon is the
three-fold coordinated silicon with a dangling bond. The Pauli exclusion principle states that
each quantum level of the defect may be occupied by up to two electrons, so that a defect with
a single level can exist in three charge states depending on the position of the Fermi energy, as
illustrated in Fig.1.3. Indeed, a dangling bond (DB) being a coordination defect can be
positively charged (D*), neutral (D), or negatively charged (D) if occupied by zero, one, or
two electrons, respectively. This kind of defect is described in the energy domain by two
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levels Epp and Epg+E.., where E.,, is the correlation energy. The sign and the value of the
correlation energy depend on the material considered. It is generally accepted that the
correlation energy is negative in chalcogenide glasses such as a-As,Se;, whereas it is positive
in tetrahedrally bounded amorphous semiconductors such as a-Si:H [31,32]. Figure 1.3
illustrates the energy position of DB in the band gap and the position transitions to the
conduction and valence bands.

Charge
EC state
D5 D*+¢ D->D%+e D-

A B

| b s 1 2
_?___ IR &
B D*->D%+h p|D°—=D +h D*
Ey

Fig.1.3. The one-electron and two-electron energy levels of a defect and the four possible
transitions to the conduction and valence bands. The charge state is indicated when the
Fermi energy lies in the different energy ranges. The defect is assumed to be neutral when
singly occupied, with a positive correlation energy, E.,. (from [19]).

The electronic energies of the first and second electrons are not the same because of
electron-electron interactions. The two electrons repel each other with a Coulomb interaction
which is absent in the singly occupied state. The energy levels are split by the correlation
energy,

2

__ 4
Azee,r,

1.7)

cor

where ¢ is the elementary charge, cg) is the dielectric constant of the material, 7, is the
effective separation of the two electrons and so is roughly the localization length of the defect
wavefunction. As a rough estimate of the Coulomb interaction E.,, = 130 meV for r, = 10 A.

The DB states play an essential role in the material properties and they are included in
almost all the models developed as an explanation for the experimental results performed on
amorphous or glassy semiconductors. For instance, their influence on the steady-state
photoconductivity has been widely studied [33,34]. These states are also involved in the
thermal equilibrium processes observed in a-Si:H [35,36], as well as in the light-induced
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metastabilities known as the Staebler-Wronsky effect.

However, the inclusion of the dangling bonds states into analysis is complicated. They are
mainly considered as discrete levels [18] instead of distributions of states, and, apparently
because of the complexity of the calculation linked to their specific statistics, they are often
treated as monovalent states [38] by means of well-known statistics such as the one
extensively studied by Simmons and Taylor [39].

Combination of experimental results from the modulated photocurrent technique and
results from numerical modeling have shown [40,41] that a distribution of DB centers
exhibiting a positive correlation energy roughly behaves as two distributions of monovalent
states whereas a distribution of DB centers with a negative correlation energy roughly
behaves as a single distribution of monovalent states. An important property of the DB states
with a positive correlation energy is that they can give a significant response in the trapping-
and release-limited regime even if their ground-energy level is below the Fermi level.

1.2 Growth of a-Si:H

The fabrication of a-Si:H films with improved properties (low defect density, higher
carrier mobility, enhanced stability,etc.) has led to explore a large number of deposition
methods and, within each of them, the effects of each process parameter [42].

A wide range of deposition techniques have been developed, which can be divided into
two main categories: 1) those based on a physical process such as evaporation and sputtering;
and 2) those based on chemical processes, known under the generic term of chemical vapour
deposition (CVD).

Amorphous silicon films produced by evaporation of a silicon target or by sputtering in
the absence of hydrogen exhibit a high density of defects which make them useless for
electronic applications. In contrast, the films produced by the dissociation of hydride gases
have a low defect density which allows doping [43]. It took a few years to recognize the
fundamental role of hydrogen in the passivation of silicon dangling bonds and thus in
reducing the density of defects in the gap of the semiconductor.

Different methods have been used to dissociate the gas precursors, all variants of a CVD
process: HOMOCVD, PECVD, PHOTOCVD, etc. Thin films of hydrogenated amorphous
silicon are mainly deposited by Plasma Enhanced Chemical Vapour Deposition (PECVD)
technique, among which different excitation modes and geometry of the reactor have been
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explored [19,44]. RF (13.56MHz) glow discharge is the most widely used deposition
technique because it combines low temperature operation, thanks to the plasma dissociation,
and the possibility of scaling-up the size of the substrates. Plasma is defined as an ionized gas
that is macroscopically neutral. The ionization of the gas atoms and molecules is achieved by
providing energy to the system either thermally, optically or electrically. The most common
way for thin film deposition is an electrical discharge between two electrodes. In a-Si:H
deposition silane is the most common source even though other hydrides (Si.Hs, Si;Hs) [45],
fluorides (SiF4,S1,F¢) [46], chlorides (SiCls, SiH,CL) [47], SiH5F and SiH,F, [48] source gases
have been used.

Figure 1.4 shows a schematic diagram of a parallel-plate PECVD reactor. Besides its
simplicity, this type of reactor also benefits from the advantages associated to the plasma
processes [49]:

1) Deposition is possible even at room temperature since the dissociation of the gas
precursors is produced by collisions with high energy electrons.

ii) Dense and smooth films can be fabricated considering that ions are accelerated
towards the substrate and thus can bring energy to the growth zone.

iii) The wide range of gas precursors can be used which allows to produce thin films of
various compostion: a-Si:H, a-SiGe:H, a-SiC:H, a-SiO,, etc. Moreover these films can be
made p-type or n-type by adding either diborane or phosphine to the gas mixture and can be
easily stacked on top of each other by changing the flow of gases into the reactor.
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Fig.1.4. Schematic diagram of a plasma enhanced chemical vapor deposition reactor. It
consists of a gas handling system, a vacuum system, a RF power electrode and a substrate
holder, which is usually heated to ~ 200 °C (from [49]).

Let us now consider briefly main processes that take place in the gas phase. Once SiH, is
injected in the reactor and the power is applied to the RF electrode, electrons are accelerated
by the electric field and gain enough energy to dissociate SiH.. The primary reactions between
electrons and silane can be of different types: dissociation, ionization, attachment, etc. The
relative importance of each reaction depends on the energy of the electrons, which is a
function of the electric field (from which they gain energy) and their mean free path, which
depends on the total pressure. The results of the primary reactions are the radicals and ions
responsible for a-Si:H deposition [50]. One should also consider secondary reactions that are
interactions of the products of primary reactions mainly with the silane molecules. The degree
of dissociation in most silane plasmas for a-Si:H deposition is typically 10%.

Gas phase processes are important because they determine the nature of the reactive
species contributing to a-Si:H deposition. However, a-Si:H growth cannot be considered just
as a condensation of radicals on the substrate. Indeed, while the radicals and ions responsible
for a-Si:H deposition are highly hydrogenated, a-Si:H films contain ~10% hydrogen. Thus
cross-linking reactions must take place at the film surface or in a growth-zone [51]. The
growth model is schematically shown in Fig.1.5.
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Fig.1.5. Standard view for the deposition of device quality a-Si:H thin films based on the
interaction of SiH; radicals with a hydrogen terminated silicon surface (from [49]).

The radicals produced in the plasma reach the film surface via diffusion through the
sheath (transition region between the plasma and the reactor walls) and land on a hydrogen
terminated silicon surface. Because of the low deposition temperature (~ 200 °C) the radical is
expected to be adsorbed rather than to form a chemical bond since the thermal energy is not
sufficient to break Si-H bonds. The physisorption and diffusion of the radicals along the
surface are the processes defining the growth of a film. During this diffusion process SiH;
may undergo various reactions: 1) highly probable desorption of SiHs; 2) recombination with
another SiH; to produce a Si,Hs molecule; 3) abstraction of a hydrogen atom producing a SiHy
molecule and leaving a surface dangling bond available for the next SiH; to form a chemical
bond; and 4) formation of a chemical bond with a silicon dangling bond at the surface, leading
to deposition.

The optimization of a-Si:H growth has been one of the main subjects in this field. The
effects of different plasma conditions, reactor geometry, excitation frequency and dilution of
the silane on a-Si:H properties have been widely studied [52]. The difficulty of optimizing a-
Si:H growth is related to the fact that these parameters are correlated. Indeed, the important
aspects for the growth are the rate of production of reactive species, their interaction during
their diffusion to substrates and their reactions at the growing surface.

Increasing the RF power, for example, increases the dissociation rate and therefore the
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deposition rate. However, the higher dissociation may result in a change in the species
involved in the growth because of an increasing importance of secondary reactions [53].

The dilution of silane in inert gases (argon, helium, xenon) can affect the electron
distribution function, the rate of silane dissociation and therefore the deposition rate [54].
While inert gases do not play a role in the reactions taking place at the film surface or in the
growth-zone, the use of hydrogen dilution strongly modifies them. The use of hydrogen
dilution has been reported as an excellent way to improve a-Si:H properties [55]. A high
concentration of hydrogen causes the deposited films to become crystalline rather than
amorphous. The crystallite size is small, often less than 100 A, so that the material is termed
microcrystalline silicon (uc-Si) [56,57].

The growth of a-Si:H thin films by the dissociation of gas precursors in a glow discharge
is a complex process in which gas phase reactions as well as surface reactions have to be
considered. In-situ diagnostic techniques of the plasma phase and of the growing film provide
valuable information to understand the growth mechanisms and help to optimize the
deposition conditions. These in-situ techniques are complemented by ex-situ characterization
methods providing complementary information on the optical and electronic properties of the
films.

1.3 Photovoltaic applications of hydrogenated amorphous
silicon

Although amorphous silicon has poorer electronic properties than crystalline silicon, it
offers the important technical advantage of being deposited inexpensively and uniformly over
a large area. The applications are therefore almost entirely in situations in which either a large
device or a large array of devices is needed. The technology which has received the most
attention is the photovoltaic solar cell - large scale power production obviously depends on
the ability to cover very large areas at a low cost. Input and output devices such as displays,
photocopiers and optical scanners also take advantage of the large area deposition capability.

1.3.1 Amorphous silicon solar cells

The photovoltaic effect was first observed in amorphous silicon in 1974 at RCA
Laboratories [58]. The amorphous silicon films were grown by the dc glow-discharge
decomposition of silane (SiH.). Both Schottky-barrier and p-i-n devices were fabricated but
the conversion efficiencies were limited to less than 1% mainly because of poor contacts. By
1976 the efficiency of the p-i-n structure had been improved to 2.4% [59], and in 1977 an
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efficiency of 5.5% was obtained in a small (2 mm?) Schottky-barrier device [60]. In particular,
it was becoming clear that hydrogen was playing an important role in assuring the good
semiconducting properties of amorphous silicon and that the films were actually silicon -
hydrogen alloys (a-Si:H) [5,61].

Continued optimization of the deposition conditions led to efficiencies as high as 6.1% in
p-i-n cells (1.19 cm?) by 1980 [62]. An efficiency of 6.3% was reported for a small (4.2 mm?)
metal - insulator- semiconductor (MIS) device fabricated from a glow discharge in SiF, and
H, [63]; the film used in this MIS device was a silicon-hydrogen-fluorine alloy (a-Si:H:F).

One of the key advances in the development of a-Si:H alloys for solar cells was the
discovery that the bandgap can be changed by varying the incorporation of hydrogen.
Moreover, as in the case of the crystalline materials, the bandgap of a-Si-based alloys can be
varied by alloying with carbon or germanium. In 1981 an efficiency of 7.5% was obtained for
a p-i-n structure (3.3 mm?®) in which the p layer was a boron-doped silicon-carbon-hydrogen
alloy (a-Si:C:H) [64]. A further improvement in conversion efficiency to 8.5% was obtained
in 1982 with a stacked junction structure (9 mm?) that utilized an amorphous silicon-
germanium-hydrogen alloy (a-Si:Ge:H) in the back junction of three stacked p-i-n junctions
[65]. Up to now a record efficiency of 10.1% has been achieved in a p-i-n structure (1 cm?)
deposited on doped LPCVD-ZnO in Oerlikon Solar Lab in Neuchatel [66].

The operation of all solar cells is based on common physical principles. However, since
efficient a-Si based solar cells rely on material properties distinctly different from those of
crystalline silicon, the basic cell structures are somewhat different. In order to take advantage
of the excellent properties of the intrinsic (undoped) a-Si:H and a-Si:Ge:H materials, p-i-n and
n-i-p heterojunction cell structures are used rather than the classic n-p junction structures in
crystalline silicon [67]. However due to the short lifetime in the highly defective doped
materials the photogenerated carriers in the doped layers are not collected and do not
contribute to the cell photocurrents.

The fabrication of a p-i-n cell begins with the deposition of a p-type ‘window layer’ on
the transparent conductive oxide (TCO). An a-Si:H intrinsic layer (i-layer) is deposited to
form the bulk absorber region of the cell. The final step in forming the single-junction p-i-n
cell is the n-layer deposition.

In order to minimize optical absorption the p-type window layers used in high efficiency
cells are thin (~10 nm). In order to maximize the cell efficiency it is necessary to achieve a
high V,. (open circuit voltage) using a very thin p-layer. If the p-layer is too thick the device
performance will be adversely affected by the loss in the photocurrent due to the higher
absorption in the thick p-layer.
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Most of the important differences in the physics of a-Si based solar cells and crystalline
silicon solar cells origin from the most fundamental difference in the materials - the large
density of localized gap states in a-Si:H. In a-Si solar cells, absorbed light in the i-layer will
create electrons and holes, and the collection of these photogenerated carriers is assisted by
the internal electric field. Due to the short carrier lifetimes associated with the localized gap
states, the photogenerated carriers in a-Si based cells must be collected primarily as a drift
current, not as a diffusion current as is the case of crystalline silicon solar cells. These gap
states impose significant constraints on the cell performance since a large density of
photogenerated carriers can be trapped in these states. The native and light-induced defects in
a-Si p-i-n devices negatively affect the carrier collection in two ways - they act as
recombination centers and also shield the electric field produced by the doped layers — which
changes the electric field distribution in the i-layer.

Open-circuit voltages in the amorphous cells just as in crystalline solar cells are
determined by the quasi-Fermi level splitting, which depends on the density of
photogenerated carriers and the band gap (E,); this in turn leads to the well-known
dependence of V,. on E,. Large values of the built-in potential (V) are desirable not only in
that they can limit the quasi-Fermi level splitting but also because they determine the electric
field across the i-layer, which is important in the collection of the photogenerated carriers.

The short circuit current densities (J,.) are determined by the collection of carriers
photogenerated in the i-layer, which depends on its optical absorption and thickness as well as
the ability to extract them from the cell. The amount of absorbed sunlight can be readily
increased by making the i-layers thicker. However, field-assisted carrier collection is also
sensitive to thickness, which results in a negative effect on carrier collection. This adversely
affects not only J,., but generally has an even larger negative effect on the fill factor, since the
internal fields are significantly reduced under load (forward bias). The challenge is not only to
maximise the optical absorption, such as by increasing the thickness of the i-layer, but also to
improve carriers collection to reach high values of the fill factor. A major breakthrough in
achieving this result is obtained with optical enhancement based on textured substrates and
reflectors [68]. This optical enhancement effect greatly increases the already high optical
absorption at longer wavelengths so that significantly higher quantum efficiencies can be
obtained at these wavelengths without any increase in the cell thickness. The development of
tandem a-Si:H/a-SiGe:H and triple a-Si:H/a-SiGe:H/a-SiGe:H cell structures allows not only
a larger fraction of the incident sunlight to be absorbed, but also allows this increased
absorption to be achieved with thin intrinsic absorber layers.

Today amorphous silicon represents 3% of global photovoltaic market, being the leader in
the thin film solar cells technology. The improving of these cells can be performed in several
areas [69]:
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o further optimization of the tandem-junction thin-film deposition process;

e modification of the current processes used to texturize the transparent conductive
oxides (TCOs), which will improve the light-trapping efficiency and thus overall
efficiency of the cell;

e the development of materials to support the transition to nanostructured silicon,
including silicon nanowires and silicon-based quantum dot absorbers, which if
successful could provide a path to efficiencies above 15%.

1.3.2 Amorphous silicon / crystalline silicon heterojunction solar cells

Wafer-based crystalline silicon solar cells are still dominating in the photovoltaic market
with an overall share of 87% (2011), and feature a high module efficiency varying from 18%
to 24% [70]. The crystalline silicon (c-Si) technologies are characterized by high temperatures
processes: diffusion of dopants or annealing after ion implantation. The formation of the back
surface field (BSF) layer requires high temperatures as well. Hence the fabrication of
crystalline silicon solar cells is an energy consuming and consequently high cost process. The
amorphous silicon production, on the contrary, does not require high temperatures. Thus, thin-
film silicon solar cells based on hydrogenated amorphous silicon (a-Si:H) and hydrogenated
microcrystalline silicon (pnc-Si:H) are promising candidates for low-cost PV technology due to
their low material consumption and low temperature processing in comparison to wafer-based
c-Si solar cells. Moreover, thin-film silicon solar cells can be fabricated on a range of
substrates, including flexible metal foils [71]. In order to realize reliable devices characterized
by high efficiency of conventional c-Si and low cost that of a-Si:H, an approach has been
developed on the basis of amorphous/crystalline silicon heterojunction solar cells (SHJ),
which combines wafer and thin film technologies [71].

In this area impressive results were achieved by Sanyo Electric with the so called a-Si/c-
Si Heterojunction with Intrinsic Thin layer (HIT) solar cell [72,73]. This technology showed
excellent surface passivation (open circuit voltage (V,.) values of around 730 mV) and a
conversion efficiency of 23.7% was obtained for a cell size of 100.4 cm? [74]. Moreover,
Sanyo has also achieved very high efficiencies in mass production: 20% efficiency at the cell
level, and 18.3% at the module level [75,76]. The latest world record efficiency of 24.7%
belongs to Panasonic achieved as well on HIT type solar cell of practical size (100 cm? and
above) [77].

To compare with conventional crystalline silicon solar cells the world record belongs to
the research group from the University of New South Wales with 25% efficiency achieved on
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c-Si with the so-called PERL (passivated emitter rear locally diffused) [78]. Similarly, the
high efficiency “point contact” technology from SunPower exhibits an impressive
performance of 24.2% [79] on production size wafer of 155.1 cm” area.

The design of the silicon heterojunction solar cell is based on an emitter and back surface
field (BSF) that are produced by low temperature growth of ultra-thin layers of amorphous
silicon on both sides of a thin crystalline silicon wafer-base, typically of the order of 200 um
thick, where electrons and holes are photogenerated. The low temperature a-Si:H deposition
lowers the thermal budget in the production of the cell, and at the same time will allows for
high throughput production machinery.

The idea of silicon heterojunctions solar cells was first published in 1974 by Walther
Fuhs and coworkers [80]. However, it turned out that to obtain the V,. potential > 700 mV
inherent to the heterojunction concept, it is mandatory to include additional, very thin (less
than 10 nm thick) undoped — so called intrinsic — a-Si:H buffer layers between the wafer and
the doped (emitter or BSF) a-Si:H layers. The reason has been already mentioned above - the
defect density in a-Si:H increases strongly with doping, and this leads to an increase in
interface defect density at the a-Si:H/c-Si junction, leading to enhanced recombination and to
lower V,.. This finding was patented by Sanyo in 1991. After formation of the a-Si:H/c-Si
heterojunction, the cell is contacted using a ~80 nm thin transparent conductive oxide (TCO)
layer and a metal grid on the front. A scheme of a HIT cell is presented in Fig.1.6. The TCO is
typically InO doped with Sn (ITO) or ZnO doped with Al. Often, a TCO is also used to form a
dielectric mirror on the back side of the cell.

Front Metal
~ grid ™,
TCO
(p) a-Si:H
undoped "i" a-Si:H

I-Bl}nm

< 20 nm

.

undoped "i" a-Si:H
(n) a-Si:H
TCO

Fig.1.6. Schematic structure of the Sanyo HIT solar cell.
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Fig.1.7. Development of a-Si:H/c-Si heterojunction cell efficiency vs. time. Both (n) a-Si:H/
(p) c-Si (p/n in the legend) and (p) a-Si:H/(n) c-Si cell (n/p in the legend) structures are
shown (from [72]).

The reported cell efficiencies have developed accordingly: Fig.1.7 provides an overview
on the progress over time, where the distinction is made between (n) a-Si:H/(p) c-Si type cells
and the “canonical” (p) a-Si:H/(n) c-Si structure as used by Sanyo. There is evidence for the
gap in cell efficiencies between the two doping sequences due to differences in fundamental
device physics (carrier mobilities, band offsets). Furthermore, it is apparent that the Sanyo
HIT cell has a significant lead on the reported cell efficiencies.

Inspired by the impressive results of Sanyo many research centers worldwide have been
focused on the development of HJ solar cells. In the USA, the National Renewable Energy
Laboratory (NREL) reported a 19.3% efficiency on p-type c-Si wafers using hot-wire CVD
(HWCVD) instead of PECVD for a-Si:H deposition [75]. In Europe, Roth & Rau obtained V.
values up to 735 mV and conversion efficiencies of 21.9% on 4 cm? and 20.3% on 149 cm?
[81]. In Ecole Polytechnique Fédérale de Lausanne (EPFL) in the Photovoltaics-Laboratory
(PV-Lab) Neuchatel, high open-circuit voltages have been obtained on both types of float
zone (FZ) wafers: up to 735 mV on n-type, and 726 mV on p-type. The best V,. measured on
Czochralski (CZ) p-type wafers was only 692 mV, whereas it reached 732 mV on CZ n-type.
The highest aperture-area certified efficiencies obtained on 4 cm? cells are 22.14% (V,. = 727
mV, FF = 78.4%) and 21.38% (V,. = 722 mV, FF = 77.1%) on n- and p-type FZ wafers,
respectively, proving that heterojunction schemes show comparable performance on high-
quality p-type as on n-type wafers. This is the highest efficiency ever reported for a full

27



1 a-Si:H and its applications

silicon heterojunction solar cell on a p-type wafer, and the highest V,. on any p-type
crystalline silicon device [82].The National Institute of Solar Energy (INES) in France, that
provided samples studied in this work, is conducting research on a-Si:H/c-Si heterojunction
solar cells since 2006. INES has reached one of the highest efficiencies in Europe on large
area (148cm?) n-type c-Si wafers and solar cells with up to 20.4% and 720 mV of V,. (21%
and 732mV on 105 cm?) have been reported [83].

In most heterojunction silicon solar cells, an undoped a-Si:H layer ((i) a-Si:H) is used as a
surface passivation layer, and this layer has been considered essential to achieve high
performance. However, Helmholtz Zentrum Berlin (HZB) prepared high quality
heterojunction solar cells without an intrinsic a-Si:H passivation layer [84]. They
demonstrated that smoothing procedures after additional texturing and cleaning resulted in
improved surface uniformity and an improved overall device performance. Without an
intrinsic a-Si:H passivation layer in the solar cell, HZB achieved efficiencies as high as 19.8%
on surface-textured wafers. However, a doped a-Si:H layer cannot passivate the surfaces of c-
Si wafers as well as an undoped a-Si:H buffer layer [85]. Consequently, the interface defect-
state density is expected to be high, resulting in a relatively low V..

Over the last decade, there have been many encouraging results on developing alternative
concepts based on a-Si:H/c-Si heterojunctions for high efficiency cells: no undoped buffer
layer and lowering of the doping levels in the emitter and BSF, use of p-type c-Si substrates
(the HIT cell is produced on n-type material), use of other materials than a-Si:H like a-
Si:H/uc-Si stacks, a-SiC:H, etc.

Besides all the experimental research, simulation studies of the performance of
heterojunction silicon solar cells are very important in order to understand the operation of the
solar cells and to optimize the design of solar-cell structures. The AFORS-HET (Automat
FOR Simulation of HETerostructures) software developed by HZB in Germany has been
widely used for the simulation study of heterojunction silicon solar cell. It will be referred
later in this work.

1.4 Aim of this work

In this thesis, research on a-Si:H Schottky diodes and a-Si:H/c-Si heterojunctions is
presented with the focus on the capacitance spectroscopy and information on electronic
properties that can be derived from this technique.

After an introduction on the basics of p-n junctions, the fundamental principles of
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capacitance technique are presented as well as its applications in studying Schottky barriers.
Possibilities of C-V measurements and admittance spectroscopy are addressed in Chapter 2.

In chapter 3, capacitance spectroscopy in a-Si:H Schottky diodes is investigated. First,
dynamics of capture-release processes from the defect states in the band gap is described in
order to provide a deep comprehension of the origin of a capacitance signal in a Schottky
barrier formed on an imperfect semiconductor. Explicit derivation of capacitance in such a
barrier is given and a simplified treatment of the capacitance-temperature (C-T) dependencies
suggested by Cohen and Lang [86] is described. The possibilities of the capacitance technique
to determine the density of states (DOS) at the Fermi level, the position of the Fermi level and
the attempt-to-escape frequency are studied using numerical modeling of a-Si:H Schottky
diodes. A particular interest is devoted to the critical assessment of the mentioned treatment
that, to our knowledge, has not been carried out. A discussion on the validity of the model
suggested in Ref.[86] when applied to different cases is presented. In the second part of the
chapter, a comparison of the experimental capacitance data with the modeling is carried out.
The objective of this part is to study the possibility of fitting the experimental data by
numerical calculations with the input parameters obtained from other experimental technique.
A comparison of the parameters derived from the treatment of the experimental C-T data and
the introduced into simulation for best fitting of the latter is provided as well.

In chapter 4, a theory on a-Si:H/c-Si heterojunctions such as band diagram analysis and
electronic properties, namely the existence of an interfacial inversion layer, is presented. First,
we focus on the study of the frequency dependent low temperature range of capacitance-
temperature dependencies of a-Si:H/c-Si heterojunctions. The analysis of the low-temperature
steps in capacitance-temperature dependencies is presented. These steps are attributed to the
different processes taking place in the amorphous layer: the response of the gap states to the
ac modulation in the bulk and in the inversion layer at the interface and the transport of
charge. The origin of these steps is studied by means of numerical modeling. In the second
part of the chapter, a quasi-static regime of capacitance signal is studied. A complete
analytical calculation of capacitance of the heterojunction is developed. A comparison with
the depletion approximation calculations is given and the limitations of the latter are
discussed. The application of capacitance measurements in the derivation of the band-offsets
is studied. Experimental and analytically obtained C-V dependencies are compared. The
influence of the inversion layer at the interface on the C-V profiles is assessed. Finally, this
work concludes with a summary of the main results and gives some prospects for future
studies.
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2  Application of capacitance spectroscopy in
semiconductors

Capacitance spectroscopy has been widely used for semiconductors characterization [1-5]
and essential information on their electronic properties can be obtained from these
measurements: doping concentration, density of states in band gap, barrier height, etc.

In this chapter we will address basic theory on the depletion capacitance of a p-n junction
and a simple heterojunction: a Schottky diode. The possibilities of admittance spectroscopy
and capacitance-voltage techniques will be recalled.

2.1 Basic concepts of a p-n junction

A p-n junction is a device formed by a p-doped and a n-doped regions of the same
semiconductor. We assume that the doped regions are uniformly doped and that the transition
between the two regions is abrupt as it is shown in Fig.2.1(a). We will refer to this structure as
an abrupt p-n junction. In p-n junctions, which one side is distinctly higher-doped than the
other, only the low-doped region needs to be considered, since it determines the device
characteristics. Such a structure is referred as one-sided abrupt p*-n (or p-n*) junction.

Since the work function of the p-type material is larger than the n-type, the electrostatic
potentials must be smaller on the n-side than the p-side, thus an electric field is established at
the junction [6]. This difference on the work functions results in a step in the conduction and
valence band edges as it can be seen from the band diagram presented in Fig.2.1(c) Carriers
diffuse across the junction leaving behind a layer of fixed charge on either side. Equilibrium is
established when diffusion of majority carriers across the junction is balanced by the drift of
minority carriers back. At this point the Fermi levels of the p- and n-type layer are equal. The
junction region is depleted of both electrons and holes and there is always a barrier to
majority carriers and a low resistance path to minority carriers.

Let us assume high quality, crystalline semiconductor layers and that the junction has no
interface states. Then this junction consists of three regions: a neutral p-type region, a charged
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region around the junction — the space charge or depletion region, and a neutral n-type region
as it is shown in Fig.2.1(a). In order to obtain the width of the depleted region some
approximations are made. First, the depletion approximation assumes that the depletion region
is precisely defined, ends abruptly, and is fully depleted of free carriers. Within neutral
regions, the majority carriers have their equilibrium value and only variations in the minority
carrier density determine the current. The second approximation is that the recombination
rates in the neutral regions are linear in the minority carrier density. This allows analytic
solutions to be found.

We define the p-n junction as a layer of p-type material with a doping density N, for x<0
which adjoins a n-type layer with a doping density N, for x>0, with a perfect interface at x =
0. Let us now define the built-in or diffusion potential in equilibrium, V,, as it is shown in

Fig.2.1(b) and 2.1(c).
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Fig.2.1. Abrupt p-n junction in thermal equilibrium. (a) Space-charge distribution. The
dashed lines indicate the majority carrier distribution tails. (b) Potential variation with
distance where V, is the diffusion potential. (c¢) Energy-band diagram (from [7]).

First, the equations defining the carrier concentrations and the positions of the Fermi
level referred to the valence band edge E,, on the p-side (5p) and to the conduction band edge

E.on the n side (5n):
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2 E!{
n; =ny,p, = NN, exp YT 2.1
B
Nc
(E.—E;)=0,=k,TIn| — (2.2)
n
NV
(EF _EV):§p =kBT1n p— s (23)
0

where n; is the intrinsic carrier density, E, is the band gap, Nc and Ny are the effective
conduction and valence band densities, respectively, ny and p, are the equilibrium electron and
hole concentrations, respectively. Since ny~N, and p,~N, we obtain for the diffusion potential:

qVy=E, - (5, + 5p)= len[N’c:sz j {kﬂln(%j +kgT h{%ﬂ =~ kyT h{%} (2.4)
i 0 0 i

The depletion width can be obtained after solving Poisson’s equation for both sides of the
junctions. Here we present only the well-known expression for the depletion width w for a
two-sided abrupt junction [7]:

2¢e
w=x,+x, =\/ . (L+LJV(I (2.5)
g \N, N,

where &, is the dielectric permittivity of the semiconductor, x, and x, are the depletion widths
in p- and n-side respectively. The repartition of V; between the two layers through V, and V,
depends on the relative doping density: more of V, is dropped in the layer which has the lower
doping density and the wider depletion width. Then, for a one-sided abrupt junction, Eq.(2.5)
reduces to:

w= =V, (2.6)

where Nj is Np or N4 (donor or acceptor impurity concentrations) depending on whether N,>>
Np or vice versa. A more accurate result for the depletion width can be obtained if one
considers the majority carrier contribution in addition to the dopants concentration. Eq.(2.6) is
then written
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w= \/ 2€, V, =2k,T/q) =L, 2(ﬂVd - 2) (2.7)
gN

B

where f=q/ksT and L is the Debye length defined by:

Ly, = | (2.8)

In Eq. (2.7), the correction factor 2k7/q appears because of the two majority-carriers
distribution tails.

Let us now consider a p-n junction under applied bias. If a forward bias V, is applied to
the p side, then the bias across the depletion region is reduced to V =V, — V,. The depletion
width is then reduced in proportion to (V, — V,)”. Similarly, if the junction is reverse biased,
the potential drop increases and the depleted layer becomes thicker:

W:J2;s (Vd+Va_2kBT/q):LD\/Z(ﬁVd-i_IBVa_z) (2.9)

B

Now we will focus on the definition of the capacitance of a p-n junction.

2.2 Two types of capacitance: differential and depletion
capacitance

Two types of capacitances are associated with a diode junction. The first one, known as
the diffusion capacitance, is proportional to the diode current. Therefore this capacitance is
dominant under forward-biased conditions. The second one, known as the depletion
capacitance, is a weak function of the applied voltage and is notably dominant under reverse-
biased conditions.

2.2.1 Diffusion capacitance

Capacitance is the ability of a body to store an electrical charge. Any object that can be
electrically charged exhibits capacitance. A common form of energy storage device is a
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parallel-plate capacitor. The basic equation for the capacitance of a parallel-plate capacitor is
defined by C = €A/d, where ¢ is the permittivity of the dielectric (insulator) between the plates
of area A separated by a distance d. The differential capacitance (per unit area) is written as C
= dQ/dV, where dQ is the charge variation with a voltage variation dV.

In a forward-biased diode, minority carriers are injected into both sides of the junction
[8]. These minority carriers diffuse from the junction and recombine with the majority
carriers. The electron charge stored in the p-region and the hole charge in the n-region can be
expressed as

0,=1Ir, 0,=1,7, (2.10)

where I, and I, are electron and hole currents at the junction, 7, and 7, are the mean minority
carrier lifetimes. Assuming t = 7, = 7, and knowing that diode current is I, = I, + I, the total
excess minority carrier charge at the junction is Q, = I,r. The origin of the capacitance lies in
the injected charge stored near the junction outside the transition region. It is convenient to
introduce an incremental capacitance, defined as the rate of change of injected charge with
voltage, called diffusion, or storage, capacitance. Supposing that 7 does not depend on the
potential, the diffusion capacitance can then be written as [8]:

dQ dl, d 1% rl
i == =——-=T—|lyexp| — | |=— (2.11)
dv dv dv nv, nv,

where V7 is thermal potential that equals k7/q, # is the ideality factor and is a function of
current with a value between 1.0 and 2.0.

As one can see, the diffusion capacitance C,yis proportional to the mean carrier lifetime 7
and to the diode biasing current /. The diffusion capacitances may reach very large values as it
can be seen in Fig.2.2, where depletion and diffusion capacitance are presented as a function
of the applied voltage.
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Fig.2.2. Depletion (Cup), diffusion (Cuy) and total capacitance as a function of applied
voltage.

2.2.2 Depletion Capacitance

As it was recalled in the beginning of this chapter, in a p-n junction there exists a space-
charge region that stores a charge Q = ¢-(Np-Ni)-w. The variation of the applied voltage
modulates the space charge width w. As a result, the charge Q in the space charge region
changes with respect to the applied voltage as it is shown in Fig.2.3.
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Fig.2.3. Charge density of a p-n junction at equilibrium and under an applied reverse bias V,.

Then the depletion-layer capacitance per unit area A is defined as [7]

40



2 Application of capacitance spectroscopy in semiconductors

¢_do (2.12)
A dv

where dQ is the incremental increase in charge per unit area upon an incremental change of
the applied voltage dV.

For one-sided abrupt junctions, the capacitance per unit area A is given by:

C_dQ_ dgN,w _=&

A dv B
quNB ]W} w (2.13)

2¢,

One can see that Eq.(2.13) is the same as for a plain capacitor with the distance w
between the plates. Using Eq.(2.7) the capacitance is rewritten as:

C i _1
== \/;L (B, + BV, —2) (2.14)

The + sign is for the reverse- and forward-bias conditions, respectively. One should also
note that Eqgs.(2.13)-(2.14) are obtained considering that the doping concentrations Np and N,
(indicated as Ng) are constant and do not vary with the distance.

2.3 Capacitance —voltage technique

We will present here the capacitance-voltage technique and discuss on its possibilities to
characterize semiconductors’ Schottky diodes and p-n junctions.

2.3.1 Doping concentration

The capacitance-voltage (C-V) technique relies on the fact that the width of a reverse-
biased space-charge region of a semiconductor junction device depends on the applied
voltage.

The C-V profiling method has been used with Schottky barrier diodes using deposited
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metal, mercury, and liquid electrolyte contacts, p-n junctions, MOS capacitors, MOSFETs,
and metal-air-semiconductor structures [9,10].

Above we provided essential theory on a p-n junction. Here let us consider a metal-p-type
semiconductor junction. By joining a p-type semiconductor with a work function @, to a
metal of smaller work function @, > @,, , an electric field in a layer close to the interface is
established. This situation resembles a p-n junction where a n-type semiconductor is
substituted by a metal. The established field will drive holes into the bulk of the
semiconductor and electrons to the interface, thus effecting charge separation. The metal-
semiconductor contact presents a lower resistance path for electrons and a barrier for holes.
This type of junction is known as a Schottky barrier. The band diagram of a Schottky barrier
of a semi-infinite semiconductor of p-type is presented in Fig.2.4. The space charge region
exists as well in a Schottky barrier with the width w defined by Eq.(2.6) with the value of
acceptor concentration N, in the denominator:

2¢e
w= [—=V, 2.15
N, (2.15)
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Fig.2.4. Band diagram of the metal - p-type semiconductor junction at equilibrium.
Semiconductor and metal work functions, @, and D, the diffusion potential, V, are
indicated.

As for the case of a p-n junction the differential or small signal capacitance is defined by
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€_d9, __do

(2.16)
A dV dv

where Q,, and Q; are the metal and semiconductor charges. The negative sign accounts for
negative voltage in the semiconductor space charge region (negatively charged ionized
donors) for positive charge on the metal (reverse bias) . The capacitance is determined by
superimposing a small-amplitude ac voltage v on the dc voltage V. The ac voltage frequency is
typically 10 kHz to 1 MHz with 10 to 20 mV amplitude, but other frequencies and other
voltages can be used [11].

The ac voltage increasing from zero to a small negative voltage adds a charge increment
dQ, to the metal contact. The charge increment dQ,, must be balanced by an equal
semiconductor charge increment dQ; for overall charge neutrality. The semiconductor charge
is given by:

Q, = qA[(p—n—N,)dx =~ —gA[ N ,dx (2.17)
0 0

where p and n are hole and electron density, respectively. Within the depletion approximation
we suppose p = n = 0 in the depletion region. Another assumption is that all acceptors are
ionized.

The charge increment dQ; appears due to a slight increase in the space charge region
width.

d| N, dx
c_ B ! S o (2.18)
A av T av Ay

The term dN./dV was neglected, assuming N, does not depend on voltage.

The capacitance of a reverse-biased junction, when considered as a parallel plate
capacitor, is given in Eq.(2.13). Differentiating Eq. (2.13) with respect to voltage and
substituting dw/dV into Eq.(2.18), we obtain:

43



2 Application of capacitance spectroscopy in semiconductors

N, = S 2
AT dc (V)
£ A> ) (2.19)

Note that the area A of the device must be known precisely since it appears as A* in Eq.
(2.19).

The doping density thus can be obtained from the slope dC/dV of a C-V curve or from the
slope d(1/C?)/dV of a 1/C* -V curve. For a Schottky barrier diode there is no ambiguity in the
depletion width since it only spreads into the substrate. Space-charge region spreading into
the metal is totally negligible. Equations (2.17), (2.18) and (2.19) can also be used in the case
of a one-sided p-n junction, i.e., p*-n or n*-p junctions. If the doping density of the heavily
doped side is 100 or more times higher than that of the lowly doped side, then the space
charge region spreading into the heavily doped region can be neglected. If that condition is
not met, the equations must be modified [12]. The corrections, though, are difficult to obtain.
It has been proposed that no unique doping density profile can be derived from C-V
measurements under those conditions [13]. If the doping density profile of one side of the
junction is known, then the profile on the other side can be derived from the measurements
[14].

For the derivation of Eq. (2.13) we used the depletion approximation, which neglects
minority carriers and assumes total depletion of majority carriers in the space-charge region to
a depth w and perfect charge neutrality beyond w. This is a reasonably good approximation
when the space charge region is reverse biased and when the substrate is uniformly doped.
Furthermore, we used the acceptor ion density at the edge of the space-charge region as the
incremental charge variation. The ac probe voltage exposes more or less ionized acceptors at
the space-charge region edge. But the charges that actually move in response to the ac voltage
are the mobile holes, not the acceptor ions. Hence, the differential capacitance-voltage
profiling technique determines rather the carrier density, not the doping density. What is
actually measured is an apparent or effective carrier density, which is neither the true carrier
density nor the doping density. In many cases the apparent doping density is approximately
the majority carrier density. Then, Eq. (2.19) (holes are majority carriers) becomes:

p(w) =— < 2
B dc ~ ad\v.,) 2.20
A2 2 (2.20)

i wen e
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Fig.2.5. Schematic representation of the doping and majority carrier density profiles of a
non-uniformly doped layer. (a) zero-biased junction, (b) reverse-biased junction showing the
doping density profile, the majority carrier profiles in the depletion approximation and the
actual majority carrier profiles for two reverse-bias voltages (from [11]).

The use of the majority carrier density rather than the doping density in the profile
equations is an important point and has been the subject of many discussions [15-20]. The
concept of a non-uniform acceptor doping density profile was demonstrated in Ref. [11]. The
acceptor doping density is shown by the thick curve in Fig.2.5(a). The majority hole density
profile shown by the light line differs from the doping density profile even in thermal
equilibrium. Some of the holes diffuse from the highly doped region to the lowly doped
region and an equilibrium profile is established as a result of both diffusion and drift. The
steeper the doping gradient is, the more p and N, differ from one another.

The majority carrier density deviation from the doping density is governed by the
intrinsic Debye length Lp, which was already introduced above and, in more general case, is
written as follows

k,Te
2g°n,

S

L,= (2.21)

Lp is a measure of the distance over which a charge imbalance is neutralized by majority
carriers under steady-state or equilibrium conditions.

When a space-charge region is formed in a reverse biased Schottky diode, the carrier
distribution becomes that in Fig.2.5(b). We show the majority carrier distribution expected
from the depletion approximation for depletion widths w/ and w2, corresponding to two
different reverse-bias voltages. The actual majority carrier distribution is also shown. The two
differ considerably and it is seen from these curves that the doping density profile is not what
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is measured by differential capacitance profiling. It is also not evident that it is the majority
carrier distribution that is measured. It has been shown by detailed computer calculations that
what is actually measured is an effective or apparent majority carrier density profile that is
closer to the true majority carrier density profile than to the doping density profile [21]. The
doping density profile, the majority carrier density profile, and the effective majority carrier
density profile are identical for uniformly doped substrates, but not for non-uniformly doped
substrates due to the built-in electric field that induces the diffusion of majority carriers to the
region of the lower dopant concentration.

The Debye length sets a limit to the spatial resolution of the measured profile. This
Debye length problem arises because the capacitance is determined by the movement of
majority carriers and the majority carrier distribution cannot follow abrupt spatial changes in
doping density profiles. Detailed calculations show that if a doping density step occurs within
one Debye length, the majority carrier and the apparent densities agree rather well with one
another, but both differ appreciably from the true doping density profile [21]. For a more
gradual transition, the majority carrier density agrees quite well with the apparent densities.
Moreover, the agreement of the latter with the doping density profile is also quite reasonable.

2.3.2 Barrier height

Let us now address the question of obtaining the barrier height value from C-V
measurements. The band diagram of a Schottky barrier diode on an p-type substrate is
recalled in Fig.2.6. The barrier height of ¢, is shown in Fig.2.6 as well.

metal p-type semiconductor 5
6
_____________________________________ Er
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”

Fig.2.6. Band diagram of a Schottky barrier diode on a p-type substrate at equilibrium with
indicated diffusion potential V, and the barrier height ¢p.
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The capacitance per unit area of a Schottky diode shown in Fig.2.6 and under reverse-
bias conditions is given by Eq.(2.14). Replacing L, by its expression given in Eq. (2.8), we
can write:

=10

__& A q&,N,p
= o, Pt Ae=2) &wwuma> 222

where f=q/ksT , V, is the applied reverse-bias voltage. The diffusion potential is related to the
barrier height by:

Bso =V, +(E, —E, )" (2.23)

as seen in Fig.2.6. The position of the Fermi level in the bulk of the semiconductor is defined
as (Er-Ev)™"* = (ksT/q)In(N\w/N4), where Ny is the effective density of states in the valence
band. Plotting 1/(C/A)* versus V, gives a curve with the slope 2/[geNa], which intercepts the
V. -axis at Vi, = =V, + kgT /q.

The barrier height is determined from the intercept voltage by
Ppo =V +(E —E, )/mlk + kB% (2.24)

A typical (C/A)™ versus V, plot of a diode is shown in Fig.2.7. From the slope 2/[g&,N4]
we find a doping concentration N, = 2:10'° cm™ and the barrier height ¢z = 0.74 V can be
obtained from Eq. (2.24).
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Fig.2.7. Plot 1/C? vs applied reverse voltage of a Schottky diode on an n-type semiconductor.
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2.4 DOS in the band gap from capacitance measurements

Capacitance or, more generally, admittance measurements are particularly suited for
probing bulk and interface properties of a junction diode-like device. The small signal
capacitance is sensitive to carrier capture and emission from trap states, related to the charge
response 0Q to a small change of voltage V. A number of experimental techniques have been
developed to exploit this sensitivity and try to map out the sub-bandgap density of states. The
most broadly applied ones are capacitance—voltage (C-V) profiling, admittance spectroscopy
[22-26], and deep level transient spectroscopy (DLTS) [27]. These techniques are widely used
for the characterization of Schottky barriers, p-n junctions, metal-insulator-semiconductor
(MIS) structures and devices based on these structures.

The electronic states associated with defects and impurities are typically divided into two
broad categories: “shallow” and “deep” states, corresponding, respectively, to centers with
extended electronic wavefunctions, and those that are strongly localized [28]. The techniques
discussed here are designed to detect nonradiative transitions involving deep states. Deep
states act as traps and recombination centers, reducing the minority carrier mobility, and in
some cases pinning the Fermi energy deep in the gap. The electrical activity and even the
physical nature of deep states can be complex.

Much effort has been done to extend junction capacitance techniques to accurately
measure properties of sub-bandgap states density, characteristic of imperfect materials. This
includes early work by Losee [29] to treat generally the effect of gap states on admittance in
Schottky devices as well as experimental and numerical studies by Cohen and Lang [27, 30]
to treat the case of continuous densities of states.

In this section we will enlighten the influence of the defects on the C-V measurements.
Then a brief description of the principles of capacitance spectroscopy and DLTS technique
will be presented. Capacitance spectroscopy measurements performed on a-Si:H Schottky
diodes will be described in details in Chapter 3.

2.4.1 The influence of deep defects on C-V profiles

Admittance or capacitance measurements generally begin with a simple C-V evaluation
of the diode, including whether significant shunt current exists, whether the layer is fully
depleted, and a rough estimate of doping density.

The diode capacitance is traditionally analyzed using the depletion approximation.
Although this approximation may not be very accurate for thin-film semiconductors, which
can have significant densities of deep states, it is still a useful starting point for the discussion
of admittance measurements. As it was discussed in the previous section, C-V measurements
can give a one-dimensional profile of the doping density, with a spatial resolution
characterized by the Debye screening length L,. However, the relatively large density of deep
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states in thin-film semiconductors can make it impossible to find the free carrier density using
C-V measurements.

The deep states may adjust their charge state to the dc bias conditions, which results in
artifacts such as curvatures of plotted data in the C-V profiles that no longer obey Eq. (2.14).
The relative contributions of the different states to the space charge change with applied
voltage have the result that the 1/C? slope is dominated by the shallow states at low applied
bias V with the deep states contributing increasingly at high V.

The deep-level effect on C-V relationship has been examined by many authors [30-32].
Sah and Reddi investigated the effect of deep gold acceptors on both the high and low
frequency reverse bias C-V relationships in silicon p*-n step junctions. Their model applies
equally well to a Schottky barrier. Roberts and Crowell derived an expression for the low-
frequency Schottky barrier C-V relationship for a distribution of spatially uniform donor and
acceptor impurity levels. With knowledge of the impurity distribution they showed how the
intercept on the voltage axis of the low frequency 1/C* versus V relationship may be
interpreted to give the true value of the diffusion potential. In addition authors showed how
the low and intermediate frequency capacitances may be used in an appropriate bias range to
find both the energy levels and trapping times of the predominant deep levels. When one or
more deep level impurities are present in concentrations near that of the shallow impurities it
was indicated that the impurity profile deduced from the usual C-V relationship can be
seriously in error, even at modulation frequencies such that the deep levels cannot respond.

Significant research has been devoted to the study of frequency dependencies of C-V
data. Balberg [33] developed a way of interpreting frequency dependent C-V characteristics
by obtaining analytic-explicit expressions for the dependence of the capacitance on bias,
frequency and temperature. This dependence indicates how to derive the state distribution
from experimental C-V measurements under deep depletion conditions, which seem to be the
only ones for which a unique interpretation is possible. The deep depletion regime is reached
when quasi-intrinsic level of the semiconductor E; crosses Er at the interface.

2.4.2 Admittance spectroscopy

As it was discussed above the diode capacitance is traditionally analyzed using the
depletion approximation.

However, when energy levels are present deeper in the band gap, then the depletion
approximation no longer necessarily holds true, and carrier capture and emission from these
states must also be considered.

Admittance spectroscopy has several advantages for the probing of defect levels:
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relatively shallow and fast levels are seen, quasi-equilibrium conditions are maintained, the
technique is spectroscopic, there is a peak observed for each energy level, the peak height is
related to the number of centers (weighted according to level depth). It was shown by Losee
[29] that measurements of the capacitance (C) and conductance (G) components of the
junction admittance at two (or more) frequencies as a function of temperature provide a
spectroscopy of defect levels (principally majority-carrier traps) yielding energies, types,
concentrations, and majority-carrier capture coefficients.

The differential capacitance of the sample originates from its response to a small voltage
perturbation, oV. In the small signal approximation the condition 0V < kT/q should be met.
Typical values of applied ac-voltage V., around 30 mV, do not strictly satisfy this
requirement, which may slightly impact the data [34,35]. The resulting change in the band
bending causes a change in trap state occupation at the location x,, where a trap level E,
crosses the Fermi level Er at an angular frequency w, as illustrated in Fig.2.8. Thus, traps
contribute to the capacitance in two ways: (i) traps modify the space charge density and
therefore the depletion width w, and (ii) in the vicinity of x,,, the traps may be able to change
their charge state dynamically, following the ac voltage, and contributing to 6Q/6V.
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Fig.2.8. (a) ac space charge density, op, (b) energy band diagram of a n-type Schottky barrier
showing the space charge contribution under reverse bias, (c) the equivalent capacitance
derived from the sharp cut-off model.
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In Chapter 3 the total capacitance will be derived explicitly. Here we provide the resulting
formula:
Cc £
A W , (2.25)
where L,"*" is the Debye length in a-Si:H that characterizes the density of states (DOS) at
the Fermi level in the band gap N(Er) and namely can be written as:

L= [
4 NEL) (2.26)

Measurement of the sample admittance as a function of applied ac frequency and
temperature is named admittance spectroscopy (AS). This technique can yield the thickness of
the film, the position of the Fermi energy in the bulk, the energetic position of dominant
defect bands that occur between the Fermi energy and mid-gap, and an estimation of the
density of those states. In contrast to both the DLTS and C-V techniques, in AS a ramp of
frequency (or temperature) is applied to cross the transition frequency where the traps start to
respond.

When the temperature is too low, or the frequency is too high, then there is no time for
states to respond to the applied ac voltage, and a condition called freeze-out occurs. Under
these conditions, the capacitance response will be that of the dielectric layer, C = ¢A/d, where
d is the distance between the top and back contacts. Increasing the temperature, 7, or
decreasing the frequency, f, eventually leads to a step in a C-T curve. Steps in C correspond to
peaks in conductance G/w, due to their causal relationship.

As T is increasing or f decreasing, trap states start to respond. The turn-on temperature 7
determines the turn-on temperature for trap response at a certain frequency. When 7' = T, the
occupation of the state can follow the ac voltage, and its charge state will change at the
location x,,. This causes x, to move closer to the interface and C to increase as shown in
Fig.2.9(a). Consequently the deeper a trap state lies the higher 7} is. In the same way, when
measuring the capacitance at a given temperature 7 and changing o from high to low values
there will be a turn-on frequency w,. Both @, and turn-on temperature 7, are linked via

E
2v exp| ——— |= @, 2.27

B~ 0
The term v, is the attempt-to-escape frequency defined by:
v,=0,v,N., (2.28)
where o, is the electron capture cross section, vy is the thermal velocity of free electrons and
N¢ is the effective DOS in the conduction band.
While the G/w peaks can be a good way to observe the position of the capacitance step,
they can be masked by the leakage conductance in some samples. Similar peaks can also be

obtained from the derivative of capacitance with respect to frequency (or temperature) as
illustrated in Fig.2.9(b).
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Fig.2.9. (a) Admittance spectroscopy (AS) raw data for a CIGS device. (b) The AS data
showing the characteristic peak frequencies at each temperature. (c) Arrhenius plot of each
peak (from [36]).

The (wo, Tp) data points from each capacitance step can then be plotted on an Arrhenius
plot; typically In(w/T?) is plotted as a function of 1000/7, as shown in Fig.2.9(c). From Eq.
(2.27) the slope yields the activation energy E, that is considered to be equal to the position of
the Fermi level referred to the corresponding band edge, while the intercept gives the attempt-
to-escape frequency.

Many authors addressed the possibility of the deriving information on the DOS from the
admittance measurements. The pioneer was Losee who showed how to obtain the trap energy
level and capture cross-section of a defect state from the plot w7,”* vs 1/T, where T,
corresponds to the peak in conductance. Viktorovitch and Moddel [26] focused on the
analysis of the frequency dependence of both the conductance and the capacitance of Schottky
devices at V=0 in order to deduce the depletion width and the DOS in the region of the Fermi
level. Archibald and Abram [37] presented calculations to describe the electrical behavior of
a-Si:H Schottky barrier in an admittance experiment as well as two simple procedures to find
the distribution of gap states. Archibald and Abram introduced previously omitted cases of
large reverse bias where minority carrier effects become important and heavily doped regions
where there is non-negligible free-carrier charge.

Several simplified approaches have been developed in order to obtain the DOS in the
band gap from C-T measurements [30,38]. In the next chapter we will particularly focus on
the treatment of the capacitance data suggested by Cohen and Lang in 1982 [30].
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2.4.3 Transient measurements

The early capacitance vs time (C-f) and current vs time (I-f) measurements and methods
were developed by Sah and his students [39,40]. The initial implementation was time-
consuming and tedious because the measurements were single-shot measurements. The power
of emission and capture transient analysis was only fully realized when automated data
acquisition techniques were adopted. The first of these was Lang’s dual-gated integrator or
double boxcar approach named deep-level transient spectroscopy (DLTS) [27].

DLTS distinguishes between deep and shallow states by the time-dependent release of the
electrons. A forward bias is applied to the Schottky barrier to collapse the depletion region
and fill all the traps. When a reverse bias is subsequently applied, the depletion layer is
initially wide, but its thickness decreases with time to its steady state value as carriers are
released from traps. The change in the depletion layer at a given time ¢ reflects the number of
traps of binding energy kTIn(wot) within the depletion region. The density of states is
therefore derived from the transient capacitance. The calculation of N(E) from the data is
straightforward, as it must account for the distribution of states and the voltage dependence of
the space charge layer [27]. Deep states are detected only down to the middle of the gap,
because deeper states are filled by electrons from the valence band faster than they are excited
to the conduction band.

DLTS experiments are performed by measuring either the temperature dependence of the
capacitance at a fixed time after the application of the reverse bias or the time dependence at a
constant temperature [41].

In the measurement process the steady-state diode reverse bias is disturbed by a voltage
pulse. This voltage pulse reduces the electric field in the space charge region and allows free
carriers from the semiconductor bulk to penetrate this region and recharge the defects causing
their non-equilibrium charge state. After the pulse, when the voltage returns to its steady-state
value, the defects start to emit trapped carriers due to the thermal emission process. The
variation of the device space charge region capacitance in time is described bythe capacitance
transient C-t. When observing a repetitive transient through varying the sample temperature, a
peak appears in the capacitance versus temperature plot. Such a plot is a DLTS spectrum (see
Fig.2.10).
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CAPACITANCE TRAWSIEMTS AT VARIOUS TEMPERATURES
TEMPERATURE

TIME City1= ity

Fig.2.10. Basic principle of the DLTS technique for emission from a discrete trap level. DLTS
spectrum, i.e. capacitance difference C(t;)-C(t2) versus temperature plot, is presented on the
right (from [27]).

Suppose that the C-r waveforms in Fig.2.10 are sampled at times # = ¢, and ¢ = 1, and that
the capacitance at f, is subtracted from the capacitance at ¢;,, AC=C(t;)-C(t;). Such a
difference signal is a standard output feature of a double boxcar instrument. The temperature
is slowly scanned while the device is repetitively pulsed between zero and reverse bias. There
is no difference between the capacitance at the two sampling times for very slow or for very
fast transients, corresponding to low and high temperatures. A difference signal is generated
when the time constant is of the order of the gate separation #,—t;,, and the capacitance
difference passes through a maximum as a function of temperature, as shown in Fig.2.10. This
is the DLTS peak. AC exhibits a maximum AC,,, at temperature 7;. The time constant 7.
corresponding to the maximum of DLTS signal is given by:

t,—t
e

h{t—z j (2.29)

tl
The energy scale of a DLTS spectrum is related to the thermal activation energy of the

detrapping process. The electron thermal-emission rate e, for a particular trap level with the
energy E, from the conduction band edge is defined by

E.-E,
€ =V, eXp == — (2.30)
B

where v, is the attempt-to-escape frequency. In the small signal limit, the time constant of the
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exponential capacitance transient due to this trap is inverse to the thermal-emission rate e,.
The concentrations of the different deep levels in the case of discrete defect levels are in
nearly all cases directly related to the respective magnitudes of the peaks in the DLTS
spectrum. In the small-signal (AC/C<<I) large bias (V,>>E/q) limit, the relationship
between the magnitude of the capacitance transient AC associated with a trap of concentration

N, is

AC =2 N
C N

N

1

(2.31)

where C is the overall capacitance of the depletion layer and N; is the net shallow-level traps
concentration.

From raw DLTS data only general characteristic of the density of state distribution N(E)
is obtained. Authors provided for a detailed procedure of obtaining the DOS profile from
DLTS measurements. It is a fitting procedure of the initial N(E) taken from DLTS spectrum
by numerical methods [30]. The first approximate N(E) is used as the trial function for
numerical DLTS simulation program. Then the shape, magnitude and the band gap of N(E)
are adjusted so that numerically calculate DLTS spectra agree with the experimental one.

2.5 Conclusions

In this chapter we recalled the basic theory on p-n junctions and Schottky barriers. The
depletion approximation that plays a very important role in the description of a junction was
presented.

The two types of capacitance were introduced. Our attention is focused on the depletion
capacitance since it allows one to derive essential information on a studied junction. The C-V
technique is widely used to obtain the doping density and the barrier height of a junction.
However, it was shown that there exists a lot of discussion on the accuracy of the derivation
of these parameters. For the case of the non-uniformly doped samples the C-V technique
provides rather for a majority carrier density than the doping density. It is worth emphasizing
that the derivation of the parameters from C-V measurements is based on the depletion
approximation that is not valid in certain cases, as we will discuss in Chapter 4.

The admittance spectroscopy and DLTS measurements were described considering their
application for extracting the density of states in the band gap of a semiconductor. In Chapter
3 and Chapter 4 the capacitance spectroscopy of a Schottky diode formed on a-Si:H and a a-
Si:H/c-Si heterojunction will be thoroughly discussed.
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3 Capacitance spectroscopy of a-Si:H
Schottky diodes

This chapter is dedicated to the capacitance spectroscopy of hydrogenated amorphous
silicon (a-Si:H) Schottky diodes. Firstly, theoretical development on capture-release processes
and ac-signal capacitance spectroscopy will be presented.

Secondly, the possibilities of the capacitance technique to determine the density of states
(DOS) at the Fermi level, the position of the Fermi level and the attempt-to-escape frequency
will be discussed using numerical modeling. We will particularly focus on the treatment of the
capacitance data suggested by Cohen and Lang in 1982 [1]. The authors presented a straight-
forward procedure to obtain the density of states at the Fermi level from C-T data. Up to our
knowledge no critical assessment of this treatment has been carried out on a-Si:H Schottky
diodes. We will examine the validity of the model suggested in Ref.[1] when applied to
different cases. Namely, we will consider undoped and n-type a-Si:H with different shapes of
the DOS in the band gap.

Finally, the comparison of simulation results and experimental data will be carried out.

3.1 Theoretical development

In this section we present the theory on capacitance of a a-Si:H Schottky diode.

3.1.1 Dynamics of capture and emission processes
The band diagram of a perfect single crystal semiconductor consists of a valence band

and a conduction band separated by the band gap, with no energy levels within the band gap.
When the periodicity of the single crystal is perturbed by foreign atoms or crystal defects,
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discrete energy levels are introduced into the band gap. Such defects are commonly called
generation-recombination (G-R) centers or traps. G-R centers lie deep in the band gap and are
known as deep energy level impurities. For single crystal semiconductors like silicon,
germanium, and gallium arsenide, deep level impurities are usually metallic impurities, but
they can be crystal imperfections, such as dislocations, stacking faults, precipitates, vacancies,
or interstitials.

Deep level defects act as recombination centers when there are excess carriers in the
semiconductor and as generation centers when the carrier density is below its equilibrium
value as in the reverse-biased space-charge region of p-n junctions or Schottky barriers.

Capture and emission processes at a trap level with density N, at an energy E; have been
defined in Shockley-Read statistics [2] and are illustrated in Fig.3.1: (1) capture of an electron
from the conduction band, this process is characterized by a recombination rate R,, (2)
emission of an electron from the trap to the conduction band, this process is characterized by a
generation rate G, (3) emission of a hole from the trap to the valence band (characterized by a
generation rate G,) (4) capture of a hole from the valence band (characterized by a
recombination rate R,). These are the only four possible events between the conduction band,
the impurity energy level, and the valence band. Thus, a recombination event consists in the
sum of processes (1) and (4): the capture of both carriers at the trap level. A generation event
is the sum of processes (2) and (3): the emission of carriers towards corresponding bands. The
trapping event is described as the capture of a carrier (either (1) or (4)) followed by its
emission to the band from which it came (either (2) or (3). Impurities are frequently referred
to as traps, regardless of whether they act as recombination, generation, or trapping centers.

Fig.3.1. Capture-release processes of an electron (1 and 2) and a hole (3 and 4).

Whether an impurity acts as a trap or a G-R center depends on E, the location of the
Fermi level in the band gap, the temperature, and the capture cross-sections of the impurity.
Generally the impurities with energies near the middle of the band gap behave as G-R centers,
whereas those near the band edges act as traps. Generally the electron emission rate for
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centers in the upper half of the band gap is higher than the hole emission rate. Similarly the
hole emission rate is generally higher than the electron emission rate for centers in the lower
half of the band gap such that one emission rate dominates, and the other can frequently be
neglected. With impurities being charged or neutral, and with electrons or holes emitted or
captured, any measurement that detects charged species can be used for their characterization,
i.e., capacitance, current, or charge measurements.

Now, let us consider a mathematical description of the described processes. If a trap level
is characterized by a density N,, then the density of occupied defects is n,=N{,. and the density
of unoccupied defects is p,=N/(1-f..), where f,. is the occupation probability function.

For the capture and emission processes described above, the recombination and
generation rates can be written as (1) R,=c.np, 2) G,=e.n; 3) G,=e,p, (4) R,=c,pn, where n
and p are densities of electrons and holes respectively, ¢, and ¢, are capture coefficients, e,
and e, are emission rates of electrons and holes respectively. The f,. function can be then
written as follows:

c,n+e,

Joe = 3.1
c,nte, +c,pte,

At thermal equilibrium with no net flow of electrons and holes between conduction and
valence band, the emission rates of electrons (e,(E)) and holes (e,(E)) from a state at the
energy E toward the conduction band and valence band can be written:

ox E —-E,. 32)
e, =c,n —_ )
n T CHERP k,T
. E, -E, 33
e, =c, pexpl —— )
p = PERP k,T (3-3)
and Eq. (3.1) gives:
1 1
f()C = en+c > = L (3 4)
I+ —"— l+exp ——F '
e, +c,n k,T

It is noteworthy that the occupation function f,. is the Fermi occupation function. Hence
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this expression is eligible only in low-temperature approximation.

Under small ac bias signal, the occupation function and the electron and hole densities
can be separated into two components indexed dc for the steady-state component and ac for
the alternative component. Thus, n, p and f,  can be written as:

n=n"+n“exp(iar), 3.5
p=p“+pCexplian), (3.6)
f,.(E)=f%+ f“exp(iar), 3.7

where o is the angular frequency, i is the purely imaginary number such that i* = — 1.

According to the Shockley-Read statistics, the occupation function is given by:

%zcnn+e[]—foc(E)(cnn+cpp+en+ep) 3.58)
which gives, using Egs. (3.5), (3.6) and (3.7):
fi (B = (e, e, (B)(E) 39
and
for iy < el S BN, i )
iw+1/7(E) , (3.10)
where 7(E) is defined by:
7(E) = 1 (3.11)

cnn‘l" +e (E)+ e, (E)+ cpp‘l"

7(E) can also be written as:
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fEE)  1-f£%(E)

- cnnd”+ep(E) - cppdc+en(E) (3.12)
Then, using Eq. (3.12), the ac component of the occupation function is given by:
c,n“ _ Cppac
_ _ _ cnn"" +e (E) ¢, p“ +e (E) (3.13)
[ (B)= [ (E)X1- [, (E)) —
1+iwt(E)

If we consider the case where electrons are the majority carriers (we neglect hole
densities p* and p™) and where the Fermi level lies above midgap, therefore the term
c.n“>>e, (we neglect exchanges with the valence band), and Eq.(3.13) reduces to:

n“ 1
n“ 1+iwt(E)’

f= f2EB) (- £2(E)) (3.14)

with

1

r=—
c,n, +e (E) (3.15)

The capacitance C being related to the response of gap states to the small ac bias signal, it
can be observed in Eq. (3.14) through the term f,“(E) (I- f,*(E)) that a significant
contribution to the capacitance can only be obtained for the gap states crossing the Fermi level
(E=E,=Er), where the time response tr is given by:

1

= m (3.16)

Tr

3.1.2 Band diagram and capacitance of a Schottky diode

As it was mentioned in the previous chapter capacitance techniques are rather applicable
to doped a-Si:H. However, we shall also consider the case of undoped a-Si:H with typical
Fermi level position Ec-Er = 0.7 eV and the band gap E, = 1.7 eV. The latter can be regarded
as a slightly doped n-type a-Si:H. Thus we consider the Schottky barrier formed on an n-type
semiconductor.
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Fig.3.2. Schematic energy band diagram at equilibrium of a n-type Schottky barrier: only the
states in the hatched area contribute to the static space charge. Ec and Ey are the conduction
and valence band edges, respectively; Er is the Fermi level; Er* is the level parallel to Ec and
is equal to the bulk Fermi level in the neutral bulk region.

Fig.3.2 shows a schematic energy band diagram of such a structure. We assume that
neutral bulk conditions are met at the right-hand side of the figure. Only the states situated in
the hatched area contribute to the space charge because, due to the band bending, these are the
states that have changed their occupancy compared to the neutral bulk region. These states are
located between the Fermi level Er and the level Er*, defined as the level parallel to the
conduction band edge E¢, and equal to the bulk Fermi level in the neutral bulk region.

Let us consider this system under small inverse polarization as illustrated in Fig. 3.3.
Apart from a narrow region close to the interface, the space charge density can be mainly
divided into two regions. These are separated by the abscissa x;* defined as the point where
the bulk Fermi level crosses the level E* that corresponds to the energy where the emission
frequency of electrons towards the conduction band, e,, equals the emission frequency of
holes towards the valence band, e,. This level is close to midgap. Below this level states are
filled by electrons from the valence band faster than they are excited to the conduction band.
Thus levels lying below E;* cannot be detected by small signal variation. For x > x;*, the gap
states occupancy is determined by the bulk Fermi level Er that corresponds to the quasi-Fermi
level for trapped electrons. For x < x;*, states are essentially full below E;* and empty above,
and E;* plays the role of the quasi-Fermi level with an occupation function, however, slightly
different from the usual Fermi-Dirac form. The space charge density is constant for x < x;*
and is written
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piF=gqN;* (3.17)

where N;* is the integral of the density of states (DOS) between the bulk Fermi level and E;*

N * = j N(E)dE (3.18)

This is because all gap states lying between Er and E;* are unoccupied in this region,
while being occupied in the bulk. For x > x;* the space charge density decreases with
increasing x, corresponding to less gap states being unoccupied.

OpA ()

(d)

Fig.3.3. (a) ac space charge density, dp, (b) static space charge density, p, (c) energy band
diagram of a n-type Schottky barrier showing the space charge contribution (hatched area)
under reverse bias. The energy levels are indicated: E;* is the energy level where e, = e,, (d)
the equivalent capacitance derived from the sharp cut-off model.
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The states which energy level crosses Er at a certain distance x from the junction change
their occupation and thus can be probed by admittance measurements. These levels are the
levels lying deeper than the bulk Fermi level whose energy position in the neutral bulk is
between Er and E;*. The response of these states crossing the Fermi level at a certain abscissa
x is determined by the release time 7:

1 1

T(x)= =
2,(E) S, exp(_ (E. ;E;F)(x)j (3.19)

where v, is the attempt-to-escape frequency, (Ec-Er)(x) is the position of the Fermi level
referred to the conduction band edge E¢ at the distance x. The pre-exponential factor v, is
defined by:

V,=0,v,N¢ (3.20)

where o, is the electron capture cross section of states, v, is the thermal velocity of free
electrons and N is the effective DOS in the conduction band.

The denominator in Eq.(3.14) puts the limitation on the product of time response 7 and
angular frequency w. In order to have a response of states to the ac modulation wt should be
low enough, suppose wt < 1. A cut-off abscissa x, for the response of gap states is defined
using the mentioned condition:

7(x,)0=1 (3.21)

(EC_EF)(xw)jzco (3.22)

2v, exp(— T
B

Thus one can define that the response takes place when wrt(x,) < 1 at an angular
frequency @ and temperature 7 of the measurement. The ac space charge density has a
characteristic width equal to the Debye length L, (see Fig.3.3(a)) that is representative of the

DOS at the Fermi level:
£
L,= |———— (3.23)
* T\ ¢*N(E,)
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Taking into account that Eq. (3.19) expresses a rapidly varying function with the abscissa
x, an abrupt cut-off model can be introduced to rapidly derive the main behavior of the
dynamic response of the device to the ac modulation. This means that the states crossing Er
with an abscissa smaller than x, cannot follow the ac modulation, whereas those with an
abscissa greater than x,, will follow it instantly. Here we use the sharp cut-off approximation
by ignoring the fact that there are the intermediate states around x,, that respond only partially
to the modulation. Thus here are two regions contributing to the total capacitance: at the left
of x,, the device behaves as a pure dielectric medium with the contribution of €A/x,,, whereas
at the right of this cut-off abscissa, the localized states contribution to the total capacitance is
written as €A/Lp, € being the dielectric permittivity of the active layer and A the junction area.

A simple picture of the equivalent capacitance of the device is shown in Fig.3.3 (d) and
the total capacitance can be written:

L2 3.24
A x,+L, (3.24)

Looking at the temperature dependence of the characteristic response time (Eq. (3.20)), it
appears that 7 increases with decreasing temperature, so that the cut-off abscissa x, also
increases since more states become unable to respond on the time scale imposed by the
measurement frequency. At low temperatures no states follow the modulation and the
measured capacitance equals the geometric dielectric layer capacitance C=gA/d, where d is
the thickness of the semiconductor layer. This is the lowest capacitance of this layer. At a
given frequency w, there will be a certain turn-on temperature 7, at which states lying at the
Fermi level in the bulk start responding to the ac signal. In the similar way, at a given
temeperature 7, if one scans a wide range of frequency there will be a turn-on frequency w, at
which the onset of the response of gap states appears. T, and w, are linked through:

(EC B EF )bulk j = w, (3'25)

2v, exp(— T
BT0

Increasing the temperature leads to a movement of the cut-off abscissa towards the
junction and an increase of the capacitance until x,, reaches x;*. At this stage, all the states that
could potentially respond are actually responding, and a further increase in temperature does
not lead to an increase of the gap states response since the occupancy of gap states for x< x;*
is independent of the Fermi level and cannot be modulated by the bias modulation. Therefore
the variation of C with T just above turn-on is related to the DOS at the bulk Fermi level,
N(EF).
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3.1.3 The simple treatment K-T of the C-T data

It was shown [1] that if one considers the following term that we assign as K:

_c €]’
KT)=C (T){ dT} , (3.26)

it is possible to obtain directly the magnitude and the slope of the density of states at the
Fermi level. Indeed, if we consider capacitance defined in Eq.(3.24) at a turn-on frequency wy,
it can be written:

c___ @D 3.27
ar — (x, +L,) dT (3-27)
Using Eqs.(3.22) and (3.25) we can write:
2v
(Ec—E;)(x, ) =k,TIn=" (3.28)
0
and
2v,
(EC —E; )bulk = (EC —E; )(x =o0) =k,T; In 7 (3.29)
0
The difference of the two last equations is written as follows
2v,
E.(x, )= Ec(0)=ky (T -T,)In (3.30)
0
2v,
v =)=V, )= kT~ = (3.31)

0

where Eq(0) = -gV(x). Using the definition of the Debye length as a distance where the
electric field diminishes by a factor of 1/e, we can then rewrite Eq.(3.31):
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gV (o) —V(O)]eXP(— x% j =ky(T'=T;)1In 2, (3.32)
D a,

0

Then we define x., explicitly as

qlv (=) -V (0)]

Xy =LpIn (3.33)
k(T =T,)In 2V
0
Differentiation of x,, with respect to temperature gives
dx L
@ D
=- 34
dT T-T, (3-34)
Substituting dx,«/dT in Eq.(3.27) we obtain for the term K defined by Eq.(3.26)
dc' T-T,
KT)=C*(T)|—| = o (3.35)
dT L,

Indeed, around 7, the onset of the capacitance is due to the response of states at the bulk
Fermi level, so that a linear temperature dependence of K(7) should be revealed, with a slope
equal to the inverse of Lp.

From the intercept value with the abscissa axis of the K-T curves one can obtain a range
of T, values at different angular frequencies w. Tracing Arrhenius plot in @ vs 1000/T,
coordinates allows one to obtain the activating energy (Ec-Er),u and v, values according to
Eq.(3.31) as it is shown in Fig.3.4 for T, values obtained from analytically calculated K-T
dependencies.
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Fig.3.4. Arrhenius plot w vs 1000/T, for T, values obtained from analytically calculated K-T
dependencies. The derived activation energy and the attempt-to-escape frequency values are
indicated.

Apart of this simple treatment presented above another approach introduced by Walter et
al [3] is widely used. This model has been proposed to determine the defect distributions in
the bandgap, and it is generally associated with copper indium diselenide (CIGS) material
studies [4-6]. Walter et al. introduced a simplified spatial variation (linear or quadratic) of
both the dc-and ac-electrostatic potentials. Their calculations were also developed in the
framework of the abrupt cut-off model, and in the case of linear spatial variations of the
electrostatic potentials, the following expression was obtained to perform the gap states
spectroscopy:

{3
N(E,)= v, A) (3.36)
gkTw d(In(w))

where N(E,) stands for the gap states density at the limit level E,, which crosses the Fermi
level at the cut-off abscissa x,,, w is the space-charge width. This level is given by:

2vn,p
E.,—E,=kTn . (3.37)

Ecy (or correspondingly v,,,) stands either for Ec or Ey to indicate that the charge state of this
level is changed with capture and emission processes of majority carriers coming
predominantly either from the conduction or valence band edge respectively. If a particular
level E, (such as a peak in the DOS distribution or the bulk Fermi level) can be
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experimentally identified, then v,;, can be determined by plotting the data in the Arrhenius
coordinates.

3.2 Modeling of a-Si:H Schottky diodes

Numerical modeling is a powerful tool to study semiconductor devices, namely solar
cells. While the modeling of crystalline silicon wafers is well understood, the amorphous
layer and especially the interface between the a-Si:H layer and the crystalline Si are by far
more difficult to model. a-Si:H can be described as a semiconductor with a defect distribution
consisting of band tail and dangling bond states in the band gap [7]. A demanding task
concerns the various material parameters used as inputs in the simulation. Of crucial
importance are the density, the distribution as well as the capture cross sections of the defects
in the a-Si:H layer and at the interface.

All the material parameters mentioned above have in common that they are difficult to
measure and that they can vary for a-Si:H of different doping levels, deposited under different
conditions and possibly with different thicknesses. Thus, the simulation model has to be
carefully calibrated with different measurement techniques such as -V curves, external
quantum efficiency (EQE), quasi-steady-state photo conductance (QSSPC) measurements,
etc...

Numerical simulations were performed with AFORS-HET v3.0 software [8,9] and
ATLAS device simulator from Silvaco International. The detailed description of the software
tools and introduced parameters of the material can be found in Appendix B.1.

Numerical calculations of the capacitance as a function of temperature (7) and frequency
(f) of a-Si:H Schottky diodes were carried out. The applied ac signal was set at 0.02 V. From
the calculated C—T—f data, K was plotted against 7 and fitted to a linear function above turn-on
temperature in order to derive T, and N(Er) values according to Eq.(3.35). The activation
energy, E,=E~—EF, and the attempt-to-escape frequency, v,, were extracted as well by plotting
o against 1000/T, according to Eq.(3.25). Here we focus on extracting N(Er), E, and v, in the
conditions where we assume that the transport of charges is fast and does not affect the
capture-release processes. In order to meet this condition the dielectric relaxation time 7,
should be smaller than the characteristic release time 7 defined by Eq.(3.25) and that is
assigned here as 7., (capture-release):

T, 17, >>1 (3.38)
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This way we assume that transport of electrons is fast enough and does not determine the
global time constant of the considered processes. The dielectric relaxation time of electrons is
defined as follows

£ £

&
o qnu, E.—E.\ |, 3.39
i gN ¢ exp(— CkT . jlu” ( )

where ¢ is the conductivity, g the electron charge, n the electron density, N¢ the effective
conduction band density of states and u, the electron mobility. Then condition from Eq.(3.38)
can be written using Eq.(3.25) and Eq.(3.39)

1
E.-E
2v,0,N.exp| ———=
Tc—r _ kT _ Qﬂn

T, £ - 2¢ev,0,
Ec —E;
gN ¢ exp T M,

With typical values for amorphous silicon we obtain the limit for the capture cross-
section ¢, << 8x10™"* cm?. For all considered cases in Section 3.2.1 this condition is respected
and the capture cross-section of electrons is kept equal to 1x10"" cm?. The possible influence
of the capture cross-section and the charge mobility on the capacitance-temperature
dependency is discussed in Section 3.2.2.

>>1 (3.40)

Capacitance-temperature dependencies calculated with AFORS-HET software for various
frequencies are presented in Fig.3.5. The onset of the capacitance response is shifted to higher
temperatures for larger frequencies according to Eq.(3.25).
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Fig.3.5. Capacitance-temperature curves of a-Si:H Schottky barrier for different frequencies
using the parameters presented in Appendix B.1 for constant DOS N(E)=1x10"cm™eV™" and
Ec-Er=0.2 eV. The indicated turn-on temperatures are obtained from the intercept of the
linear fit with abscissa axis of the corresponding K-T dependencies.

3.2.1 Determination of the DOS at the Fermi level, N(Er), the activation
energy, E,, and the attempt-to-escape frequency, v,

3.2.1.1 Constant DOS

At first the simplest case of constant density of states (DOS) is considered. Two cases,
that represent n-type and undoped a-Si:H with the Fermi level at 0.2 and 0.7 eV from the
conduction band edge respectively, are examined. The band gap of 1.75 eV was introduced.
Capacitance-temperature dependencies are calculated for the temperature range 7 = 80-400 K
and frequency range f = 100-1x10' Hz. From the treatment K-T of C-T data for each
frequency L™ and T, are derived. Then the activation energy and the attempt-to-escape
frequency are obtained from the Arrhenius plot. Finally, the derived from the treatment
procedure parameters N(Er), E, and v, are compared to that introduced into simulations.

3.2.1.1.a n-type a-Si:H: E~Er=0.2 eV, N(Er)=1x10"cm>eV™"

Let us first consider the case with E—Er = 0.2 eV. The position of the Fermi level was
fixed at 0.2 eV at temperature close to theoretical value of T; for the considered case. Here
E—Er=0.2 eV was fixed at T = 100 K. The work function of the metal was introduced at ¢
= 4.9 eV in order to have a band bending fixed at (E-~’-E-""*) = 0.85 V. The constant DOS
N(E)=N(Er)=1x10"cm™ eV~ was introduced into simulations. This high value of N(E) is
characteristic of n-type a-Si:H due to the presence of defects introduced by doping atoms. The
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C-T curve calculated from the numerical simulation is compared to the one derived from the
simplified analytical expression (Eq. (25)) in Fig.3.6(a). The low temperature capacitance in
the analytical expression is zero since an infinite semi-conductor is assumed.

-7
XD numerical calculation| ' ' '
- — -analytical curve
5x107 | =
4x107
o«
&
o 3x107
<
(6]
2x107
1x107
0
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T (K
1,4)(1 0—4 T T T T T T T T T T P
—=—numerical calculation P
{ 2x107% L |- - -analytical treatment ’
' linear fit s
~

(b)

100 125 150 175 200 225 250
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Fig.3.6. (a) Capacitance-temperature curves at f=400 Hz deduced from analytical and
numerical calculation and (b) corresponding treatment curves. The introduced constant DOS
is N(E)=N(Er)=1x10"cm™eV~" and the bulk Fermi level is fixed at E—Er=0.2 eV at 100K.

The main difference is that at low temperatures, numerically calculated capacitance
increases more smoothly when compared to the analytically obtained C-T curve. However
this does not affect the value of 7, which is found to be equal to the theoretical one as it can
be seen from the treatment of the capacitance data, K-T in Fig.3.6(b). It is noteworthy that the
processed data shown in Fig.3.6b experience a well defined linear region that allows a good
determination of the slope, which is close enough to the one obtained by the simplified
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theoretical approach. Indeed, the DOS at the Fermi level derived from the linear fit of K vs. T
according to Eq.(3.35) yields N(Er)=8.2x10" cm™eV~", which is quite close to the one that
was introduced into the calculations.

As already shown in Fig.3.6b, the turn-on temperature deduced from the numerical
calculations is the same as the one expected from the simplified analytical approach. The
same behavior is observed for other frequencies, the turn-on temperature deduced from
modeling being equal to that from the analytical prediction. These results are presented in the
Arrhenius plot of w vs 1000/T) as it can be seen in Fig.3.7. The good reproduction of the turn-
on temperatures for the whole frequency range allows one to determine precisely the attempt-
to-escape frequency, as well as the activation energy E~—FEr which is found equal to the one
that was introduced in the model (0.2 eV).

analytical
—®—numerical

10000

o (s

Ea=0.20+0.01 eV
v,=3.2e10s™
1000

1
62 64 66 68 70 72 74 76 718

1000/, (K™

Fig.3.7. Analytically and numerically calculated Arrhenius plot @ vs 1000/T, for Ec-Er=0.2
eV and N(Er)=1x10"cm™>eV~".

3.2.1.1.b n-type a-Si:H: E—Er=0.2 eV, N(Er)=1x10"cm>eV™"

Before studying the undoped a-Si:H Schottky diode with E—~Er=0.7 eV and typical DOS
N(E)=1x10" cm™eV™" it is important to model the case, where only one parameter is changed,
namely the DOS. In this paragraph we present the results of capacitance-temperature
calculation performed on the n-type a-Si:H with E—Er=0.2 eV fixed at 100 K, but with the
DOS lowered to N(E)=1x10' cm™eV~".

In Fig.3.8(a) and 3.8(b) the C—T and K-T curves are presented.
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Fig.3.8. (a) Capacitance-temperature curves at f=400 Hz deduced from analytical and
numerical calculation and (b) corresponding treatment curves. The introduced constant DOS
is N(E)=N(Er)=1x10"cm™eV~" and the bulk Fermi level is fixed at E—Er=0.2 eV at 100K.

As it can be seen from Fig.3.8, numerical calculations show good reproduction of the
theoretical C-T curve. The K-T treatment provides a Ty value that is close to the analytical one,
although N(Ep) is slightly underestimated being equal to 7.7x10”cm™eV~". The Arrhenius plot
in @ vs 1000/T, coordinates is presented in Fig.3.9.

One can see that at higher frequencies the deduced values of the turn-on temperature
become lower than the analytical ones. This shift of 7, leads to the slightly overestimated
value of the activation energy that is found equal to 0.23 eV. The attempt-to-escape frequency
is overestimated by one order of magnitude.
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Fig.3.9. Analytically and numerically calculated Arrhenius plot @ vs 1000/T, for Ec-Er=0.2
eV and N(Er)=1x10"cm™>eV".

The possible explanation of the shift of 7, at higher frequencies is the temperature’s
influence on the considered system. At higher frequencies the chosen points for the linear fit
of K-T data lie at considerably higher temperatures that the expected 7y. At these temperatures
the studied system experiences some changes, namely the shift of the Fermi level which was
fixed at 0.2 eV at 100 K. Another reason can be the ambiguity arising from the linear fit of the
treatment curves. As one may notice the K-T curve at Fig.3.8b does not experience a sole
linear region, therefore the accuracy of the derived parameters depends on the points chosen
for the linear fit.

The main parameters obtained from the K-T treatment for the case of Ec-Er=0.2 eV and
two values of the density of states at the Fermi level are summarized in Table 3.1.

N(Ex) (cm’eV™Y) Ec-Er (eV) va (s
introduced 1x10" 0.20 2x10"
n-type a-Si:H reconstructed 7.9-8.5x10" 0.19-0.21 3.2-5.0x10"
EcEr=02eV | introduced 1x10'¢ 0.20 2x10'°
reconstructed 7.5-7.7x10" 0.22-0.24 2-5x10"

Table 3.1. Comparison of the parameters introduced in the numerical calculation with those
derived from the simplified treatment of C—T—f curves for the position of the Fermi level in a-
Si:H fixed at 0.2 eV from the conduction band egde and DOS values of either 10" or 10"

cmeV,
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It is shown that for the case of Ec-Er=0.2 eV the treatment K-T works well yielding close
values of the DOS at the Fermi level to the ones introduced into the calculations. The
activation energy deduced from the Arrhenius plot is reproduced precisely as well. The
considerable error is obtained for the attempt-to-escape frequency in the case of
N(Er)=1x10"cm™eV~" where the influence of the increasing temperature on the calculated

results becomes significant.

One important parameter which influence on the capacitance signal was considered is the
height of the Schottky barrier. As it was mentioned above the band bending was fixed at
(Ec="-E")=0.85 eV that introduces a barrier of 1.05 eV. In order to compare the C-T curves
for different heights of the barrier we introduced a smaller band bending (E-=’-E-"") = 0.45
eV (barrier of 0.65 eV). Two numerically calculated capacitance curves are presented in

Fig.3.10 as well as the analytical ones.

1,4X10_6 T T T T T T T T T T T T T
L |analytical — — -barrier 1.05 eV .
6 barrier 0.65 eV s T T T
T numerical barrier 1.05 eV o
] I barrier 0.65 eV
1,0x10" -

8,0x10”

6,0x10”

CIA (Flcm?)

4,0x107

2,0x107

Fig.3.10. Capacitance-temperature curves at f=400 Hz deduced from analytical and
numerical calculation for barrier heights 1.05 eV and 0.65 eV.

One can see that numerical calculations reproduce quite well the behavior predicted by
theory. Indeed, at a given frequency w the same defect level E, crosses the Fermi level at
different distance from the interface x,, and x, for different values of the band bending
respectively, as it is shown in Fig.3.11. Since x,,< x,, the capacitance C, (green curve in
Fig.3.10) calculated from Eq.(3.24) is larger than C; (black curve in Fig.3.10): C;<C..
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Fig.3.11. Band diagram of a Schottky barrier for n-type a-Si:H (Ec-Er = 0.2 V) for different
values of the barreir height (§) at the interface.

The saturation of the capacitance that can be observed in Fig.3.10 is predicted by theory
as well. The maximum value of the capacitance is reached when x, becomes zero and the
deepest level that can be probed is following the ac modulation. The saturation value of
capacitance is thus: C/A=¢/Lp“**". However, the saturation of the numerically calculated
curves is reached at lower values of capacitance than those expected from analytical
calculation. The possible explanation can be the intervention of holes and their recombination
with free electrons close to the interface. In order to assess this supposition we modeled the
same structures but with reducing capture cross section of the holes o, in the band gap to
negligible values. In this way we suppress any capture-release exchange of holes. The results
are shown in Fig.3.12.
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Fig.3.12. Capacitance-temperature curves at f=400 Hz obtained from analytical and
numerical calculation for band bending value at (Ec="-E-™) = 0.85 eV (¢ = 1.05 eV) and
different values of capture cross section of holes.

Reducing the hole capture cross section results in the significant increase of the
capacitance saturation value that almost reaches the theoretical one. Indeed, the holes
participate in the exchange with the valence band and can recombine with the electrons thus
reducing their contribution to capture-release processes. This effect is more pronounced as the
valence band approaches the Fermi level due to the band bending. The fewer electrons can
follow the ac modulation the smaller capacitance is.

The deviation of the numerical C-T curves from the analytical ones at high temperature is
explained by several factors. The Fermi level was fixed at 0.2 eV at 100 K close to the values
of turn-on temperatures. However from 200 K the Fermi level is no longer kept at the
introduced value, therefore the comparison with the theoretical curve at high 7 should be done
with certain considerations keeping in mind that the Fermi level has increased. Another
important reason is the validity of the assumptions introduced in the theoretical development
section, namely the low-temperature approximation. The reliability of these assumptions is
discussed further for the case of undoped a-Si:H with E—E=0.7 eV.

3.2.1.1.c Undoped a-Si:H: E~Er=0.7 eV, N(Er)=1x10"cm™eV~!

Let us now address the case where E—E=0.7 eV. Again, at first the simplest case of the
constant DOS was considered with a value typical of device grade undoped a-Si:H,
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N(E)=1x10"* cm~eV™". The metal work function was kept the same @) = 4.9 eV yielding the
band bending fixed at (E-~"-E/”*) = 0.35 eV. In Fig.3.13(a) and 3.13(b) the C-T and K-T
curves are shown. If we compare these results with those presented in Fig.3.6, we can see that
the change of the position of the Fermi level and the density of states influences dramatically
the results. The C-T dependence obtained from numerical modeling is characterized by a
much lower turn-on temperature compared to the one derived from the analytical approach.
One should note the appearance of the saturation of the capacitance signal at high
temperatures for the numerically calculated curve. This saturation is due to the full response
of all defect levels that can be probed by the technique, thus capacitance becomes constant
and is equal to &/ Lp***".

The significant shift of the C-T curve to the lower temperatures leads to a determination
of the attempt-to-escape frequency that is overestimated by about two orders of magnitude
(see Fig.3.14). Furthermore the K—T curve yields a significantly underestimated value for the
DOS at the Fermi level: N(Er)=2.9x10" cm™eV™", with a higher uncertainty due to the less
well defined linear region.
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Fig.3.13. (a) Capacitance-temperature curves at f=400 Hz deduced from analytical and
numerical calculation and (b) corresponding treatment curves. The introduced constant DOS
is N(E)=N(Er)=1x10"cm™eV~" and the bulk Fermi level is fixed at E—Er=0.7 eV.
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Fig.3.14. Analytically and numerically calculated Arrhenius plot o vs 1000/T, for Ec-Er=0.7
eV and N(Er)=1x10"cm™>eV".

The determination of the activation energy from the Arrhenius plot in Fig.3.14 is very
precise while again the attempt-to-escape frequency is greatly overestimated.

The same tendency is observed for the case E—Er=0.7 eV with a higher DOS

N(Er) = 1x10" cm™eV"' as shown in Fig.3.15.
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Fig.3.15. (a) Capacitance-temperature curves at f=400 Hz deduced from analytical and
numerical calculation, (b) corresponding treatment curves. The introduced constant DOS is
N(E)=N(Er)=1x10"cm™eV~" and the bulk Fermi level is fixed at E—Er=0.7 V.

This case is characterized by difficulties with the linear approximation arising from the
shape of the fitted K-T curve. As one can see in Fig.3.15(b) the K(T) curve does not
experience a well-defined linear region. The calculated values of the DOS at the Fermi level
are considerably underestimated by around one order of magnitude: N(Er)werage =
1.22x10"cm™eV™". Again, the retrieved value of the attempt-to-escape frequency from the
treatment of K-T curves was found largely overestimated (2.7x10" s™" instead of 2x10' s7")
while the obtained value of the activation energy is precise as it is shown in Fig.3.16. In
addition, the error in the determination of N(Er) is much larger than in the low DOS case, the
main source of errors in the determination of N(Ef), as it was mentioned above, being the
linear fit of K-T curves.
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Fig.3.16. Analytically and numerically calculated Arrhenius plot @ vs 1000/T, for Ec-Er=0.7
eV and N(Er)=1x10"cm™>eV".

The comparison of the parameters introduced in the numerical modeling and those
deduced from the treatment of C-7-f curves is given in Table 3.2.

N(Er) (cm?eV™") Ec-Er (eV) v, (s7)
introduced 1x10' 0.70 2x10'"
undoped a-Si:H | reconstructed 2.9-4.0x10" 0.69-0.73 1-4x10"
Ec-E=0,7¢eV introduced 1x10" 0.70 2x10"
reconstructed 1-2x10"® 0.69-0.71 2-4x10"

Table 3.2. Comparison of the parameters introduced in the numerical calculation with those
derived from the simplified treatment of C-T—f curves for the position of the Fermi level at 0.7
eV from Ec and DOS values of either 10" or 10" cm™eV~".

Up to this point we may conclude that changing the position of the Fermi level introduces
significant error to the derivation of N(Er). It can be explained from the low-temperature limit
approximation of gap states occupancy and the sharp cut-off approximation in the response to
the ac modulation made to describe the changes in space charge density that were adopted
when obtaining the equations presented in the theoretical development section. Indeed, the
occupation function f,. in the form of the Fermi function (Eq.3.4) is valid only in low
temperature approximation. Therefore for the case of undoped a-Si:H with the analytically
derived T, exceeding 400 K, the eligibility of the used approximation is questionable even for
low frequencies. Numerical simulations showed that the onset of the response of the gap

85



3 Capacitance spectroscopy of a-Si:H Schottky diodes

states starts at far lower temperatures with more than 100 K difference from the analytical
values. This can be interpreted as evidence that the 7, approximation implied is no longer
valid. As a consequence the treatment based on the preceding assumptions does not allow one
to draw the correct value of N(Er). The inaccurate determination of 7, leads to the erroneous
determination of the attempt-to-escape frequency from the Arrhenius plot.

The sharp cut-off approximation implies that the states at Er with an abscissa smaller than
X, cannot follow the ac modulation, whereas those with an abscissa larger than x,, will follow
it instantly. We can evaluate this approximation by introducing two different constant defect
distribution: one below the Fermi level (E—E=0.7 eV) and another above it so that the first

distribution N, 1s defined by a constant DOS value equal to 1x10'® cm3eV! between 0 and
1.55 eV from Ey, and the second one N2 by the same constant DOS value between 1.55 and

1.75 eV from E\. Apart from their energy repartition, these DOS distributions also differ from
each other in the values of the capture cross section of defects in the gap. In order to suppress
the response to the ac modulation of the state above the Fermi level we introduced negligible
value of the capture cross-section of electrons ¢, = 1x10”° ¢cm? in the DOS N; and kept the
previously used value o, = 1x10"7 cm? in N;. The green C-T curve for this case is presented in
Fig.3.17.
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Fig.3.17. Capacitance-temperature curves at f=400 Hz deduced from analytical and
numerical calculation. We introduced two constant DOS distributions: N, between 0 and 1.55
eV from Ey and N, between 1.55 and 1.75 eV from Ey; both DOS values being equal to 1x10"
cm>eV!. The bulk Fermi level was fixed at E—~Er=0.7 eV. Different capture cross-sections of
the defects in the gap are considered (see text).

The suppression of the exchange of the states above the Fermi level influence
significantly the C-T dependency. The turn-on temperature has shifted to higher temperatures.
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Thus we may conclude that the previously deduced T, was due to response of the states above
the Fermi level (or with an abscissa smaller than x,). It proves that the sharp cut-off
approximation should be considered carefully and is no longer applicable at high
temperatures. The purple curve in Fig.3.16 shows the case where the possible recombination
of electron with holes is avoided by introducing very low value of the capture cross section of
holes at g, = 1x10™ ¢cm? in N, distribution. As it was already shown in Section 3.2.1.1.b holes
can reduce the amount of electrons capable of undergoing the capture-release processes and
therefore decrease the capacitance. For the case of E—E=0.7 eV the influence of holes is
even more significant since at the interface of the barrier the Fermi level is closer to the
valence band than to the conduction band.

3.2.1.2 Non constant DOS distributions

In order to assess the reliability of the proposed treatment (Eq.(3.35)) for the case of more
complicated gap states distributions, the cases of either exponential or Gaussian distributions
were studied.

3.2.1.2.a Exponential conduction band tail DOS

The exponential conduction band tail (CbT) is defined by:

N(E) o = N(b})exp(— L ] (3.41)

where T¢ is the characteristic temperature that defines the slope of the tail, N(Ec) is the
density of states at the conduction band edge.

In order to study the influence of the shape of the exponential band tail on the C-T
dependencies three different cases were considered. For all these structures the Fermi level
was fixed at Ec-Er = 0.2 eV (at T = 100 K) and the DOS at the Fermi level was kept equal to
N(Er) = 1x10" cm?eV' by adjusting the value of N(Ec). We varied the slope of the band tail
by changing the characteristic temperature 7. so that the parameter kzTc took the following
values: 0.04, 0.09 and 0.13 eV. The C-T curves are shown in Fig.3.18.
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Fig.3.18. Capacitance-temperature curves at =400 Hz deduced from analytical and
numerical calculation, The introduced DOS is constant (red) or the exponential conduction
band tail DOS (Eq.42) with fixed N(Er)=1x10"cm™eV~" and different values of T¢. The bulk
Fermi level is fixed at E—Er=0.2 eV.

One can see that for all values of T¢ the curves are shifted to the lower temperatures when
compared to the analytically obtained one. But the more important feature is the significant
difference in the slopes that affects the treatment curves and eventually the deduced
parameters. Indeed, the obtained turn-on temperatures are around 20 K lower than that the
ones predicted by theory and obtained for the constant DOS case.
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Fig.3.19. The linear fit of K(T) from T, derived from conductance-temperature curve. The
exponential conduction band tail DOS with fixed N(Er)=1x10"cm™eV™" and ksTc= 0.04 eV.
The bulk Fermi level is fixed at E—Er=0.2 eV.
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The linear fit of the K-T curves is troublesome since the dependencies are curved and do
not experience a well-defined linear region. Therefore in order to define the region to be fitted
the T, was first obtained from the maximum of the conductance-temperature (G-T)
dependence. The G-T plot experiences a well defined pick at 7, and the latter can be defined
clearly. The part of the K-T curve for the linear fit was then chosen to obtain at the
intersection with the abscissa axis the value of 7, found from the G-T curve (see Fig.3.19).

The considerable shift of 7, to lower temperatures can be explained the following way. As
it was introduced in the theoretical development section, the turn-on temperature is a
temperature at which the states at the Fermi level start to follow the ac modulation at a given
frequency. It is assumed that no states above the Fermi level can respond to the signal. In the
case of the conduction band tail, this sharp cut-off approach is no longer applicable. There
always exist states above the Fermi level that contain electrons capable to undergo capture-
release processes. These states start to follow the ac modulation at lower temperatures than
the predicted 7, that corresponds to the response of states at the Fermi level. However their
contribution in the overall capacitance can be almost neglected for the case of constant DOS.
On the contrary, with the exponential conduction band tail the states above the Fermi level are
characterized by considerably higher density of states. Therefore their contribution becomes
significant and should be taken into account.

The difference in the slopes can be explained by following the same reasoning. The
higher is the temperature, the deeper lie gap states that can follow the ac signal with their
DOS being considerably lower than that at the Fermi level. However for different 7¢ values
the DOS of the states below the Fermi level is not the same. For kz7¢ = 0.04 eV the DOS of
the states lying deep in the gap is negligible and few states below the Fermi level contribute to
the capacitance signal. Thus the saturation of the capacitance takes place at low temperatures.
The increase of the capacitance for the case of kzTc = 0.09 eV and 0.13 eV is more significant
since the states below the Fermi level involved in the capture-release processes are
characterized by larger density of states. The larger the value of kzT¢ is, the closer the C-T
curve is to the case of the constant DOS.

The main parameters derived from the treatment procedure are presented in Table 3.3.
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ksT¢ (eV) T, at 400 Hz (K) | N(Er) (cm™eV") | Ec-Er (eV) v, (s
analytical 140 1x10" 0.20 2x10'"
introduced ; 1x10" 0.20 2x1010
into a model
0.04 reconstructed
from K-T 116 1.5-1.7x10'® 0.20-0.22 2-3x10"?
treatment
'mtroduced i 110" 0.20 2%101
into a model
0.09 reconstructed
from K-T 120 2.0-2.3x10'® 0.19-0.21 2-3x10"
treatment
introduced ; 1x10% 0.20 2x1010
into a model
0.13 reconstructed
from K-T 120 2.5-2.9x10'® 0.19-0.21 0.9-1x10"
treatment

Table 3.3. Comparison of the parameters introduced in the numerical calculation with those
derived from the simplified treatment of C-T—f curves for the exponential band tail DOS with
different values of Tc. Analytically obtained T, value from Eq.(25) without any consideration
of the DOS shape is presented as well.

Although the DOS at the Fermi level is underestimated for all values of kzT, it is
noteworthy that the results are dependent on the slope of the conduction band tail. The case of
ksTc = 0.13 eV shows the closest values of N(Er) and v, to the introduced ones. Again, it can
be explained from the slope of the band tail. The steeper the slope is, the less the DOS
resembles the case of constant DOS, for which the treatment of K-T works the best as
illustrated in Fig.3.20. Following this reasoning we find the best agreement with the
introduced values for the case of kzTc=0.13 eV.
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Fig.3.20. Comparison of exponential DOS for different values of the characteristic
temperature Tc with the constant DOS.

3.2.1.2.b Gaussian DOS distribution

We have performed similar analysis as the one presented before for a Gaussian
distribution is introduced for the DOS. Such a distribution can be expressed by:

N(E)=N,, exz{_ (E = Ep,) J (3.42)

2
2wGauss

where Ny, is the maximum of the Gaussian distribution at the energy E,.cuss referred to the
valence band edge, and wg.us 1s the width of the Gaussian distribution.

Here we would like to underline that Gaussian distribution is of particular interest since
the deep states DOS are generally described by Gaussians as it was mentioned in Chapter 1.
Since in a-Si:H typical deep defects are dangling bonds it was shown in Ref.[10] that they can
be represented by two Gaussian distributions separated by a correlation energy.

Two cases were examined in order to compare the influence of the curvature of the
Gaussians around the Fermi level, as shown in Fig.3.21.
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Fig.3.21. Comparison of the Gaussian DOS distributions introduced in simulations.

The C-T curves of the two studied Gaussian DOS distributions differ considerably, as it is
shown in Fig.3.22. The capacitance corresponding to Gaussian 1, that is characterized by the
important change of N(E) in the vicinity of the Fermi level, increases dramatically with the
temperature with a slightly higher 7} in comparison with the C-T curve corresponding to the
other Gaussian distribution.
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Fig.3.22. Capacitance-temperature curves at f=400 Hz deduced from analytical and
numerical calculations for different shapes of the DOS. The DOS at the Fermi level is fixed at
N(Er)=1x10"cm eV, E~Er=0.2 eV (100 K).

One should notice that the capacitance signal corresponding to both Gaussian DOS
distributions starts to increase at the same temperatures as the one corresponding to the
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constant DOS distributions. Consequently 7} is expected to be close to the one predicted by
analytical derivation.

The main derived parameters are listed in Table 3.4.

T, at 400 H
0d ) 2 N(Ep) (cm™eVY) | Ec-Er V) | v (s
analytical 140 1x10" 0.20 2x10"
introduced into the model - 1x10" 0.20 2x10"
Gaussian 1
EGauss = 136 5.9-6.3x10'® 0.21-0.22 5.6-8.0x10"
reconstructed 0.9 eV
from K(T)
treatment Gaussian 2
EGauss = 135 5.0-5.5%x10'® 0.21-0.22 0.8-2.0x10"
1.35eV

Table 3.4. Comparison of the parameters introduced in the numerical calculation with those
derived from the simplified treatment of C-T—f curves for the two Gaussian DOS
distributions. Analytically obtained T, value from Eq.(25) without any consideration of the
DOS shape is presented as well.

The increase of T, in comparison with the exponential DOS distributions can be again
explained within the sharp cut-off approximation. In the case of Gaussian distributions the
DOS of the states above the Fermi level is significantly lower than that of the states lying
deeper in the gap. And since considerable response to the ac modulation comes from the states
with the higher N(E), one can expect the onset of response from the states below the Fermi
level at a higher T}, than in the case of the exponential conduction band tail or constant DOS.
This reasoning is confirmed by the values of the activation energy which are slightly higher
than the introduced one. The treatment of K-T data is complicated by the non linear shape of
the curves as well as in the case of the exponential band tail DOS. Again T, was first defined
from the maximum of conductance-temperature curve as it is shown in Fig.3.23(a) and
3.23(b).
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Fig.3.23. The linear fit of K(T) from T, derived from conductance-temperature curve at =100
Hz. (a) Gaussian 1 DOS distribution E,cu.ss =0.9 eV and (b) Gaussian 2 DOS distribution
Encass = 1.35 eV with fixed N(Ep)=1x10"cm™eV~". The bulk Fermi level is fixed at E—Ep=
0.2eV.

The treatment yields again underestimated values for N(Er) and significantly
overestimated attempt-to-escape frequency.

3.2.2 Capture cross section and mobility influence on capacitance-
temperature dependencies

As it was mentioned at the beginning of Section 3.2 the capture-release processes are not
restricted by the charge transport if the dielectric relaxation time is significantly smaller than
the characteristic release time (Eq.3.38). In this section we address the validity of this
condition and possible influence of capture cross-section and mobility on C-T and K-T
dependencies.

Capture cross section’s influence can be estimated from the definition of the attempt-to-
escape frequency given in (Eq.3.20). For this purpose we introduced the structure already
considered above. We fixed the Fermi level at 0.2 eV from the conduction band edge at 100 K
and introduced the constant density of states with N(Er) = 1x10”cm™eV~'. Keeping the
electron mobility constant at x,=10 cm*V''s™ we varied the electron capture cross-section from
6,=8x10"*cm’ to 7,=1x10*cm”.

The influence of this parameter on the numerically modeled C-T dependencies is
presented in Fig.3.24.
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Fig.3.24. Capacitance-temperature curves at f=3200 Hz obtained from numerical calculation
for different values of electron capture cross section a,. The constant DOS is introduced with

N(Erp)=1x10"cm™>eV™', E—Er=0.2 eV.

According to the theoretical analysis the increase of capture cross section for electrons,
o,, results in a consecutive shift of the turn-on temperature to lower temperatures. With
increase of the capture cross section, more electrons are involved into capture-release
processes at a given temperature and frequency. This tendency is also observed from
numerical simulations. However, when reaching high values of g, the turn-on temperature
varies less as it can be seen in Fig.3.25.
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Fig.3.25. The linear fit of K-T data for different values of electron capture cross section o,.
The constant DOS is introduced with N(Er)=1x10"cm™>eV~!, E—Er=0.2 eV.

In order to meet the condition 7,_,. /7, >>1, the electron capture cross section should be

smaller than the limit value obtained as follows:

qu, 1.6x1077.10

o, << =
2ev,  2-1072.107

n

=8x10*cm? (3.43)

For the highest values of o, the characteristic time of capture-release processes is
comparable with that of transport of electrons. Therefore there are two competing processes
with similar characteristic time that makes deduction of the turn-on temperature of response to
ac signal no longer reliable. This is illustrated in Fig.3.24 and 3.25. One can see that the
capacitance for the case of ,= 8x10"* cm? increases sharply and deduced Ty lies close to that
of 6, = 7x10'® ¢cm?. Increasing the capture cross section to o, = 8x10"* cm? leads to the
pinning of 7} and this calculated value is no longer equal to the theoretical one. The turn-on
temperature does not follow the analytical prediction since the onset of the capacitance signal
is now defined by the transport phenomena. The C-T and K-T curves for the case of the lowest
value of ¢, = 1x10% cm? differ considerably from the other cases studied. The N(Ey) value
(the slope of the linear fit of K-T data) is significantly smaller than it was introduced into
simulations. The obtained turn-on temperature is shifted to the lower temperatures in
comparison with the theoretical value. The case of 6, = 1x10% c¢cm? reproduces the tendencies
observed already for the case of undoped a-Si:H: shift of 7, and underestimation of N(Ef).
Again it can be explained by the unreliability of the considered assumptions at higher
temperatures. The calculated and analytical values of the turn-on temperature for different
capture cross-sections are presented in Table 3.5.
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o, (cm?) analytical Ty (K) numerical ) (K)
1x10% 240 174
1x107" 140 140
7x101 111 113
8x10 91 100

Table 3.5. Turn-on temperatures derived analytically and numerically from K-T dependencies

for different values of the electron capture cross-section o,.

Another example of the influence of the transport phenomena on the capacitance-
temperature curves is presented in Fig.3.26. Different values of the electron mobility are

considered with a fixed capture cross section g, = 7x10"° cm?.

3.0x107

2 5x10°7

2,0x107

C/A (Fiem?)

1.5x107

1,0x107

5,0x10°®

2

—=—u =0.001 cm?V-'s™!
—4—u =014 cm?V's™

—&—u =10 cm?vs™

—e— 1, =1000 cm?V's™

T(K)

& of
. .f
L ; J _
.f
i
I / b |
" / -~
M“" IIIIIIIIII-I-.-.-
I . I . I I . I I .
80 100 120 140 160 180 200

Fig.3.26. Capacitance-temperature curves at f=3200 Hz obtained from numerical calculation

for different values of electron mobility u,.

N(Er)=1x10"cm™>eV™', E—Er=0.2 eV.

The constant DOS is introduced with

One can see that for low values of the electron mobility, 7, is significantly shifted
towards high temperatures. This can be interpreted as follows: with the low mobility the
transport of electrons is slower than the response of the states to the ac modulation and the
turn-on temperature becomes linked to the onset of the transport. In order to prove this
reasoning we calculate the turn-on temperature (7,,,) related to transport (for f = 3200 Hz)
according to the following expression providing that the time of capture-release is low

enough:
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T.0=1

dr

&

E.—FE
T
kBTO(Ir

w=1

(3.44)

(3.45)

The analytically obtained values of T,, are then compared with the numerically

U, (cm?V's™) numerical 7j (K) analytical Ty, (K)
0.001 163 162
0.14 116 121
10 107 99
1000 107 83

calculated ones. The numerical turn-on temperatures are derived from the maximum of
conductance-temperature (G-T) dependencies. The results are presented in Table 3.6.

Table 3.6. Turn-on temperatures derived analytically (Eq.(3.45)) and numerically from the
maximum of G-T dependencies for different values of the electron mobility u,.

Indeed, high T; values for u,=0.001 cm?V's™ and u,=0.14 cm*V''s'are related to the slow
transport and this phenomenon defines the onset of the capacitance signal. For higher values
of the mobility we find that 7, is higher than the critical value of T, and hence is limited by
another process since the transport of charge is fast. Thus the C-T dependencies coincide for
mobilities higher than 10 cm?V''s! (typical value of u, in a-Si:H).

From the results above we conclude that the onset of the capacitance signal is defined by
the slowest process: transport of majority carriers or capture-release process. In order to
derive the information of the DOS at the Fermi level from the capacitance data, it is necessary
that the capture-release process defines the turn-on temperature.

Previous obsevations showed that attempt-to-escape frequency and consequently
apparent capture cross section values derived from the treatment of numerically obtained C-T
data are significantly overestimated if one compares with true values introduced into
simulations: g, 7 > g,. Considering this we rewrite Eq.(3.40) using the apparent capture cross
section o, “* that is obtained from the treatment:
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1
E-—FE
Tc_raPP %vtho-nappNC exp(— CkTFj qiL,
Tar € E.—E, 2ev,,0,"""
qNcexp| - o

From Eq.(3.46) one can see that the apparent release time 7., ” is underestimated thus giving
the limit value of o, ” = 8x10™"* cm? that is reached at smaller values of the introduced into
simulation true values of the capture cross section. This overestimation of the capture cross
section results in the transport limitation at lower true values of a,. This is observed for the
limit case of ¢, = 8x10™* cm?. For this introduced true value of the capture cross section g, “*
is larger and thus the condition of Eq.(3.46) is no longer satisfied. As the result the turn-on
temperature is entirely defined by the transport phenomena.

>>1 (3.46)

In order to understand whether transport of charge influence the onset of capacitance
signal simulations have to be performed in order to derive apparent capture cross section
value and verify is the the condition of Eq.(3.46) is met. For typical values of the electron
capture cross sectiona nd mobility parameters in a-Si:H (u, = 10 cm*V's™, ¢, =7x10"° cm?)
that were introduced in simulation in Section 3.2.1 this condition is fulfilled for low turn-on
temperatures. However, for the case of Ec-Er = 0.7 eV where overestimation of v, is more
drastic one should expect the contribution of transport to the onset of capacitance even at low
introduced values of g,.

3.3 Experimental results. Comparison with modeling

One of the main objectives of the study presented in Section 3.2 is to assess the
reliability of the treatment of C-T data in order to derive important information on a structure:
N(EFr), E, v, In this Section we focus on the application of the K-T treatment on the
experimentally obtained C-T dependencies.

3.3.1 The simplified K-T treatment of the experimental C-T data

The capacitance-temperature measurements at different frequencies were carried out on
a set of a-Si:H Schottky diodes. The samples were fabricated by rf-PECVD deposition of Sum
thick a-Si:H layer on chromium covered glass substrate with platinum circular dots
evaporated on the top. Furthermore, to investigate the transport and defect-related properties
of the samples, two parallel aluminium electrodes (with 1 or 2 mm) gap have been deposited
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on the part of the samples from the same set. Among the characterisation techniques that were
performed on a-Si:H and hydrogenated polymorphous silicon (pm-Si:H) samples are dark
conductivity, photoconductivity, steady-state photocarrier grating, modulated photocurrent
(MPC) and constant photocurrent (CPM) measurements [11-15].

The capacitance temperature measurements were performed with an Agilent E4981A
capacimeter that operates in small-signal mode at varied frequencies. The samples were
placed in a nitrogen-filled vessel that is pumped to reach the vacuum of 10° mbar. The
temperature was varied in the range 77 K-320 K. During the measurements samples were kept
in the dark in order to avoid the photogeneration of the carriers. The obtained C-T
dependencies are presented in Fig.3.27.
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Fig.3.27. Experimentally obtained capacitance-temperature dependencies on a a-Si:H
Schottky diode at different frequencies.

For all frequencies the K-T treatment was performed and N(Er), To values were
obtained. The K-T curves are shown in Fig.3.28.
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Fig.3.28. K-T curves obtained from the treatment of the experimental data shown in Fig.27.

The N(Er) was found to be equal to 5.4x10"°cm™eV~". The Arrhenius plot yielded the
values of the activation energy at 0.77 eV and the attempt-to-escape frequency v,=
1.5%10"s™".

Now we put the derived above parameters into numerical simulations in order to
reproduce the experimental capacitance curves. Since we have no exact information on the
shape of the DOS we introduced the simplest case of a constant distribution all over the band
gap: N(E) = N(Er) = 5.4x10”cm™eV~". The Fermi level was fixed at 0.77 eV from Ec at 300
K and the capture cross section of electrons calculated from the attempt-to-escape frequency
was taken equal to 7.5x10"cm?. The band gap was taken equal to 1.75 eV and the layer’s
thickness was 5 um. All other parameters characterizing the material were kept the same as
they had been introduced before in Section 3.2. This set of parameters we assigne as
“simulation 1”. The calculated and the experimental C-T curves at f = 461 Hz are presented in
Fig.3.29.

It can be seen that the calculated capacitance curve is shifted to high temperatures in
comparison with the experimental one and the curvature is not reproduced well enough. In our
previous study we observed that in the case of undoped a-Si:H with E—Er = 0.7 eV the DOS
at the Fermi level derived from the treatment was underestimated and the attempt-to-escape
frequency was largely overestimated. Slight error can arise in the determination of the
activation energy as well. Also it was shown that for this range of turn-on temperatures the
onset of capacitance signal can be limited by transpost of charge. In the case of the
"simulation 1" we observe the transport limitation since the turn-on temperature is shifted to
the higher temperatures, although it was observed previously that one may expect the shift of
the numerical curves to the lower temperatures. The introduced into simulation value of the
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attemp-to-escape frequency results in overestimation of the apparent capture cross section and
the apparent release time from Eq.(3.46) is smaller than the dielectric reponse time.

20 T T T T T T T T
| | —e— experiment
18 - ; : .
| | —4— simulation 1 Ve
16 | .
L P /./. Lasd AAAAAAAAALLL
14 y (o’ /A‘A‘A —
NE 12 -— (./’ /{A/ B
o A Va
L 10 - Py P _
N - / A/A
< 8} s £ -
o i ././ A/A/A
6 7 £ 7
4 __ ,o"/./. AA‘A"’ ]
2 mﬂﬂim:r;AMAMAAAM‘A‘ ]
1 " 1 1 " 1 " 1 " 1
300 325 350 375 400 425 450
T (K)

Fig.3.29. Capacitance-temperature curves at f = 461 Hz obtained experimentally and
numerically with the parameters derived from the treatment of the experimental data.
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Fig.3.30. Capacitance-temperature curves at f = 461 Hz obtained experimentally and
numerically. The parameters of “simulation 2 and “simulation 3" are given in Table 7.

Considering this, the next step was to diminish the activation energy in order to shift the
C-T curve to lower temperatures and to diminish the overestimation of the apparent capture
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cross section while keeping all parameters unchanged. The activation energy was introduced
at 0.72 and the resulting C-T curve (“simulation 2”) is shown in Fig.3.30.

As one can see a satisfactory shift of the capacitance curve is obtained when changing
the activation energy to the value of 0.72 eV. In order to adjust the shape of the C-T curve we
test a smaller value of the capture cross section of electrons knowing that the v, obtained from
the treatment provides a strong overestimation of o, In the set of parameters called
“simulation 3” ¢, was taken equal to 1x10"*cm?, E, was kept at 0.72 eV and other parameters
remained the same. The corresponding C-T curve (“simulation 3”) is shown in Fig. 3.30 as
well. The last calculation provides a good initial approximation of the experimental data.
However, for better reproduction we lack of the information about the studied sample, namely
on the DOS distribution. Parameters introduced in simulations (1), (2) and (3) are summarized
in Table 3.7.

Parameter Simulation 1 Simulation 2 Simulation 3
E,(eV) 0.77 0.72 0.72
N(Er) (cm™eV™) 5.4x10" 5.4x10" 5.4x10"
g, (cm?) 7.5x10 7.5x10™ 1x10"

Table 3.7. Parameters of the constant DOS introduced in the simulations in order to
reproduce the experimentally obtained C-T data.

3.3.2 Fitting of the experimental C-T data with the DOS distribution
obtained from other techniques

In order to obtain more information on the sample one should address other
characterization techniques. In Fig. 3.31 we show the density of states obtained from the
combination of several techniques. The part of the DOS above the Fermi level was
reconstructed from modulated photocurrent data (MPC) [11]. The sub-gap absorption which
gives information on the valence band tail and deep defects below the Fermi level was
deduced from either the constant photocurrent method (CPM) or the photothermal deflection
spectroscopy, the data being calibrated with optical transmission measurements. The details of
these measurements are given in the reference [16].

The DOS and the values of capture cross sections of deep states deduced from
combination of the measurements and numerical modeling are presented in Fig. 3.31. The
DOS was adjusted by the means of numerical modeling in order to obtain good reproduction
of the experimental results of the MPC, CPM, SSPG (steady-state photocarrier grating) and
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SSPC (steady-state-photoconductivity) techniques.
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Fig.3.31. DOS deduced from photocurrent measurements (SSPC, MPC, CPM, SSPG) on an
undoped device grade a-Si:H sample. The electron capture cross sections for the deep states
are also indicated.

This DOS (that we shall call “initial DOS”) and the corresponding parameters were then
introduced for the numerical calculation of the capacitance. The resulting C-T dependency
together with the experimental one is shown in Fig.3.32.
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Fig.3.32. Capacitance-temperature curves at f = 461 Hz obtained experimentally and
numerically with the DOS distribution obtained from MPC and other techniques shown in
Fig.3.31.

As in the case of the constant DOS the calculated C-T curve is shifted to high
temperatures due to the value of the activation energy that is fixed at 0.77 eV resulting from
the introduced DOS and zero doping. Keeping the doping level at zero, we adjust the initial
DOS in order to provide a good fit to the experimental C-T curves for all frequencies. A
significant number of simulation runs have been performed, changing step by step the
introduced DOS parameters until a good reproduction of the experimental capacitance data
was obtained. The results of the best fit are shown in Fig.3.32.

105



3 Capacitance spectroscopy of a-Si:H Schottky diodes

2 5 T T T T T T T T
# simulation "best fit"
4 experiment
20 + i _
* ““ -
2 A
&G 15F &~ 5l |
£ & ‘3“ ‘= L
P ‘*“ i 2
S 10} - & W Y
< 4 4 [“
< Vi L
& 3
(@] & o o
i g;d‘ -"‘ d’?‘ 7
YY) W

0 s 1 n 1 n 1 n 1 s 1 n 1 . 1 s 1 n
280 300 320 340 360 380 400 420 440 460
T (K)

Fig.3.33. The capacitance-temperature curves obtained experimentally and numerically with
the “best fit” DOS distribution described by the set of parameters given in Table 8 for three
frequencies: f =40 Hz, 461 Hz and 2340 Hz.

The best reproduction of the experimental data was achieved by modifying parameters of
the acceptor Gaussian distribution: a slightly reduced apmlitude (from 4.0x10' to 2.0x10'
cm™ eV™') and an increased value of the electron capture cross section (from 1.0x107" to
6.0x10™"° ¢m?). The main parameters of the initial and “best fit” DOS distributions are

summarized in Table 3.8.

Te (K) | Ty (K) or Ec-E, (V) | w(eV) | o,(cm? | o0,(cm?
(cm™eV™)
Both distributions
CBT 280 1.0x107™" | 1.0x107"
VBT 660 2.5x107'% | 1.0x107"

-1

Initial DOS E=1.8 €V, u,=10 cm’s™, u,=1 cm’s

Acc 4.0x10' 0.25 0.22 1.0x10™" | 1.0x107"

Don 2.0x10" 1.20 0.15 1.0x107'® | 1.0x107"

241

“Best fit” DOS E,=1.75 eV, u,=10 cm*s™, u,=1 cm’s

Acc 2.0x10'° 0.25 0.22 6.0x10™"° | 1.0x107"

Don 2.0x10" 1.15 0.15 6.0x107'® | 1.0x107"
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Table 3.8. Parameters of the DOS distributions: initial and “best fit” introduced in the
simulations. The deep states Gaussian distributions are indicated by “Don” for donor-type
states and “Acc” for acceptor-type states. The conduction and valence band-tails (CBT and
VBT) are taken unchanged for both distributions.

When comparing the difference between initial and “best fit” DOS one should keep in
mind that MPC measurements do not provide exact values of N(E) or o,. Namely, MPC
technique is sensitive to the term o,N/u. Therefore this term can be distributed in various ways
according to the fitting procedure and the experimental curves that are to be reproduced. From
the initial DOS adjusted to fit the MPC results we have 6,Nu=4 cm™ eV~'s"". The "best fit”
DOS gives 6,N/u=12 cm™ eV~'s". This value, although being larger than that obtained from
the experiment, still lies within reasonable range.

Now since all parameters of the system are known, the interest is to compare the results
of the K-T treatment with the values introduced into the simulations. The K-T curves of the
experimental data and of numerically calculated C-T dependencies from the “best fit” DOS
are shown in Fig.3.34. The analytical K-T data are very close to the experimental curves but
slightly lower values of N(Er) are deduced. However this small variation is negligible if one
considers the error of the linear approximation of the K-T data and the uncertainty arising
from the choice of the region to be fitted. The introduced and reconstructed from the
treatment parameters are presented in Table 3.9.

1000 . . .
—a— simulation "best fit"
® experiment /
linear fit
750 | L ]
« 500 | -
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360 380 400 420
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300 320 340

Fig.3.34. K-T treatment curves of C-T data from Fig.32 for three frequencies: =40 Hz, 461
Hz and 2340 Hz.
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N(Er) (cm™eV?!) Ec-Er (eV) v, (s
introduced
5.4x105 0.72 2x10"
“simulation 3 DOS
introduced
5.3x10% 0.72 1.2x10"
undoped “best fit” DOS
a-Si:H reconstructed
4.7-5.5%x10" 0.76-0.79 1.0-4.0x10"
experiment
reconstructed
3.0-4.6x10" 0.72-0.74 2.0-5.0x10%
“best fit” simulation

Table 3.9. Comparison of the parameters introduced in the numerical calculation from “best
fit” and “simulation 3" DOS distributions with those derived from the simplified treatment of
the experimental data and C-T results from calculation of “best fit” DOS.

The introduced DOS at the Fermi level is in good agreement with the one derived from
the treatment of the experimental data. Overall the parameters introduced in simulations
reproduce well the values obtained from the treatment of the experimental C-T data. Except
for the attempt-to-escape frequency which value is again overestimated. This fact confirms
the previous observations obtained by numerical calculations for the simple DOS cases.

It is noteworthy that the constant DOS with the parameters obtained from the treatment
and then slightly modified provides for a good approximation of the real DOS in the vicinity
of the Fermi level. Since the capacitance signal is related to the capture-release processes
taking place at the Fermi level, we may conclude that the successful fit of experimental data
depends on the introduced DOS at the Fermi level and E, rather than on the shape of the DOS
in the entire band gap. As it can be seen from Table 3.9, the set of parameters “simulation 3”
(constant DOS in the band gap) reproduces the input characteristics of the “best fit” DOS very
accurately regardless the shape of the DOS and provides for a satisfactory fit of the
experimental data. Hence using only the information obtained from the K-T treatment it is
possible to get a first credible glimpse on the properties in the band gap.

We may conclude that the DOS distribution defined with the help of numerical
simulations from photocurrent techniques not only provides a good reproduction of the latter
but also of capacitance measurements performed separately on a differently treated sample.
The simple analytical treatment of experimental capacitance data allowed us to determine a
value of N(Er) and E—Er that are in good agreement with the values obtained from other
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experimental techniques.

3.3.3 The comparison of pm-Si:H and a-Si:H by the K(7) treatment of
the experimental capacitance data

In this Section we will address the possibility of reproducing the experimental C-T data
of hydrogenated polymorphous silicon (pm-Si:H) and a-Si:H samples by introducing in
simulations the parameters deduced from the K-T treatment.

Hydrogenated polymorphous silicon represents a kind of disordered silicon thin film
material consisting in nanometric size ordered domains embedded in an amorphous matrix.
The size and concentration of the domains are too low to give any signature in x-ray
scattering experiments. However high resolution transmission electron microscopy and
Raman spectroscopy have revealed the presence of the nanocrystallites [13,17]. The pm-Si:H
films can be obtained in a radio-frequency glow discharge plasma-enhanced chemical vapour
deposition (PECVD) system in a variety of deposition conditions. Previous studies have
shown that hydrogenated polymorphous silicon has better transport properties and lower
defect densities compared to standard hydrogenated amorphous silicon [12-15]. Our interest is
to reveal the very low density of states at the Fermi level of pm-Si:H films and to reproduce
the experimental data by introducing parameters deduced from K-T treatment into
simulations.

Here we use data obtained on the previously studied samples of pm-Si:H and a-Si:H
Schottky diodes. Details on the fabrication and the capacitance measurements can be found in
Ref.10. From the K-T treatment N(Er), E—Er and v, were deduced following the regular
procedure of the linear approximation of K-T curves and plotting the derived values of the
turn-on temperature in Arrhenius coordinates @ vs 1000/T,. The results are presented in Table
3.10.

N(Er) (cm™eV?) Ec-Er (eV) Vo (s
pm-Si:H 7.5%x10" 0.78 1.2x10"
a-Si:H 5.5x10% 0.78 3x10

Table 3.10. Parameters derived from the K-T treatment of the experimental capacitance data
on pm-Si:H and a-Si:H Schottky diodes.

As we know from our previous study of the undoped a-Si:H Schottky diodes the
treatment yields highly overestimated values of the attempt-to-escape frequency and
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underestimated values of the DOS at the Fermi level. In order to adjust the input values for
modeling as a primary set of parameters (“initial guess” DOS) we introduce constant DOS
with N(Er) three times increased in comparison with the value from Table 3.10, o, derived
from v, was reduced of two orders of magnitude and the same E,=0.78 eV was considered.
The calculated C-T curves with this set of parameters are shifted to high temperatures in
comparison with the experimental results. However, the slope of the curves is well
reproduced. The C-T curves for pm-Si:H and a-Si:H obtained from numerical modeling with
the “initial guess” DOS (see Table 3.11) are shown in Fig.3.35.

25 ] T ; T 7 T i T ; LEr
|| —+—a-SiH experiment #»
—4—pm-Si:H experiment /-/'
20 H—+*— a-Si:H "initial guess" DOS » A
S e . o o
—4&—pm-SiH "initial guess" DOS /./0 e
I A ot
15 )") /'/
E » ¥
S 4 A
i »
= S/ s
< T » P 1
2 o v H’*“"‘"‘H
s * Pt —
e A e et
5| ' H—»A’“'M Tt 1
T _aat
.-.’.’.,A/“"“‘/ /"/.,_4"”‘/‘
feabiia gty o R
O L 1 L 1 1 1 1 L
300 320 340 360 380 400 420

T (K)

Fig.3.35. Capacitance-temperature curves of pm-Si:H and a-Si:H at =91 Hz obtained
experimentally and numerically with the “initial guess” DOS distribution.

As it can be seen from Fig.3.35 additional adjustment of the DOS parameters introduced
into simulations is necessary in order to reproduce the experimental C-T curves. To shift the
calculated C-T dependencies the activation energy was modified together with slight
adjustment of the capture cross section and the DOS at the Fermi level. The best reproduction
is achieved for the set of parameters noted as “best fit” DOS. The corresponding C-T curves

are presented in Fig.3.36.
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Fig.3.36. Capacitance-temperature curves of pm-Si:H and a-Si:H at =91 Hz obtained
experimentally and numerically with the “best fit” DOS distribution.

N(Er) (cm™eV!) Ec-Er(eV) v, (s7)
reconstructed
7.5x10™ 0.78 1.2x10"
experiment
introduced
pm-Si:H 2.25%10% 0.78 1.2x10"
“Initial guess” DOS
introduced
2.25%10% 0.70 8x10"
“best fit” DOS
reconstructed
5.5x10% 0.78 3x10"
experiment
introduced
a-Si:H 1.65x10" 0.78 3x10"
“Initial guess” DOS
introduced
1.65x10'° 0.72 2x10"?
“best fit” DOS

Table 3.11. Comparison of the parameters introduced in the numerical calculation from the
“initial guess” and the “best fit” DOS distributions with those derived from the simplified

treatment of the experimental data and C-T results from calculation of “best fit” DOS.
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In conclusion, the K-T treatment of the capacitance data was used to derive the density of
states at the Fermi level of pm-Si:H and a-Si:H films without any assumption on other
physical parameters. To our knowledge, the derived values of N(Er) are underestimated and
that of v, are highly overestimated. Adjusting the input values of these parameters following
the tendencies observed in the theoretical study of the undoped a-Si:H in Section 3.2.1.1.c we
obtained a good reproduction of the experimental data. The introduced values of the DOS at
the Fermi level reveal the difference between two studied materials. N(Er) = 2.25x10"cm>e V'
"in pm-Si:H films and N(Er) = 1.65x10"°cm™e V"' in a-Si:H films prove that the defect density
of disordered silicon thin films can be significantly reduced when going from amorphous to
polymorphous material.

3.4 Conclusions

In this chapter we assessed the reliability and validity of the widely used simple K-T
treatment of capacitance-temperature data suggested by Cohen and Lang. Several structures
representing n-type and undoped hydrogenated amorphous silicon Schottky diodes were
modeled and capacitance-temperature dependencies were obtained. Using the K-T treatment
the density of states at the Fermi level, the activation energy and the attempt-to-escape
frequency were derived and then compared to the introduced into simulations values.

It was shown that in the case of n-type a-Si:H with the position of the Fermi level Ec-Er =
0.2 eV and an introduced constant DOS N(Er) = 1x10”cm™eV~, the treatment K-T works
well yielding close values of the DOS at the Fermi level and the attempt-to-escape frequency
to that introduced into the calculations. The activation energy deduced from the Arrhenius plot
was reproduced precisely as well. In the case of a lower DOS N(Er) = 1x10"%cm™eV™", an
error of about two orders of magnitude was obtained for the attempt-to-escape frequency.

The accuracy and reliability of the extracted DOS parameters strongly depend on the
position of the Fermi level and the DOS shape. The influence of the temperature on the results
of the treatment is significant for the case of undoped a-Si:H with Ec-Er = 0.7 eV. For this
value of Ec-Er with the introduced constant DOS the determination of N(Er) is erroneous and
provided for underestimated values. Although N(Er) values are underestimated, the K-T
treatment provided for a correct order of magnitude for N(Er), thus still allowing a rough
estimation of this parameter. Exponential band tail and Gaussian distributions of DOS as well
yielded underestimated values of N(EF).

The reliability of the studied treatment depends on the approximations used to obtain
equations in the theoretical development section, namely the sharp cut-off approximation and
the low-temperature limit. These approximations are no longer valid in the case of high
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temperature onset of the capacitance signal (the case of E—Er = 0.7 eV) and significant
variations of N(E) in the vicinity of the Fermi level. The low-temperature limit defines the
form of the occupation function of a defect level in the band gap and therefore determines the
temperature range where the capture-release processes are described by the equations
presented in the beginning of the chapter. In the case of non constant DOS it was shown that
states above the Fermi level contributed to the final capacitance signal thus contradicting the
sharp cut-off approximation. Another parameter derived from the treatment is the attempt-to-
escape frequency v,. This parameter is considerably overestimated for almost all cases
studied. This overestimation arises from the difficulties related to the linear fit of the K-T data
and the erroneous values of the derived turn-on temperatures.

The influence of the capture cross section of electrons (g,) and the electron mobility (u,)
was shown to bring considerable changes to the turn-on temperature. 7y is defined by the
characteristic time of the slowest process: capture-release of carriers from the gap states or
charge transport. With the typical values of a-Si:H u, = 10 cm*V''s™, 5, = 7x10"° cm? the turn-
on temperature was determined by the capture-release process.

Finally numerical calculations were carried out to reproduce experimental capacitance
data. A constant DOS was introduced into the simulation with the parameters (N(Er), E—Er
v,) obtained from the K-T treatment of the experimental data without any additional
information used. The calculated C-T curves although shifted to high temperatures showed
reasonable behaviour and correct first approximation of the experimental data. After some
adjustments performed on the parameters of the DOS a good reproduction of the experiment
could be obtained. In order to approach the real DOS distribution data obtained from MPC
and CPM techniques were introduced in modeling to calculate C-T dependencies. Again slight
corrections of parameters describing the DOS distributions were performed within the
precision of measurements and interpretation of the MPC data leading to a very good
reproduction of experimental capacitance data. The simple analytical treatment of calculated
capacitance data allowed us to determine a value of N(Er) and E—Er in good agreement with
that obtained from experiment and the introduced values, while the attempt-to-escape
frequency is again overestimated. We may conclude that the DOS distribution defined with
the help of numerical simulations from photocurrent techniques not only provides good
reproduction of the latter but also of capacitance measurements performed separately on a
differently treated sample.

The possibilities of the K-T treatment was also analysed in the framework of comparison
of the DOS at the Fermi level in pm-Si:H and a-Si:H. After adjusting the parameters (N(Er),
E—Er v, obtained from the K-T treatment of the experimental data considering the
corrections observed for the studied case of undoped a-Si:H, a constant DOS was introduced
into the simulation for both disordered materials. Again, a correct reproduction of the
experimental data was achieved. The difference of introduced N(Er) values for both materials
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confirms the previously observed lower defect density of the polymorphous material.

Thus the K-T treatment of the capacitance data together with numerical modeling
provides for a valuable tool to assess some important parameters of a material without
introducing any additional information on DOS of a studied structure.
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4 Capacitance spectroscopy of a-Si:H/c-
Si heterojunctions

In this chapter the capacitance of a-Si:H/c-Si heterojunctions is considered. Firstly, we
will recall the essential theory on a-Si:H/c-Si heterojunction. We will particularly focus on the
band offsets and the existence of the interfacial inversion layer in c-Si. The possibilities of
capacitance spectroscopy on a-Si:H/c-Si heterojunctions will be discussed. Next, frequency
dependent and quasi-static modes of capacitance-temperature dependencies of a-Si:H/c-Si
heterojunctions will be studied in details. The low-temperature steps on C-T curves will be
considered and the influence of the parameters of a-Si:H will be studied by the means of
numerical modeling.

The complete analytical calculation of the junction capacitance as a function of
temperature and applied voltage will be presented and compared with traditional depletion
approximation calculations. Finally, the comparison with the experimental results will be
shown and discussed.

4.1 Theory on a-Si:H/c-Si heterojunctions

In this section the detailed description of (n) a-Si :H/(p) c-Si and (p) a-Si:H/(n) c-Si
heterojunctions is provided. The capacitance measurements on these heterojunctions are
discussed and some particular features due to the amorphous layer are shown. The derivation
of band offsets from C-V measurements is discussed. We will also focus on the existence of an
interfacial inversion layer and limitations to the C-V technique imposed by this phenomenon.

4.1.1 Band diagram and band offsets in a-Si:H/c-Si heterojunctions
A heterojunction is a junction formed between two different semiconductors. When two

semiconductors have the same type of conductivity, the junction is called an isotype
heterojunction. When the conductivity types differ, the junction is called an anisotype
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heterojunction. In 1951, Shockley proposed the abrupt heterojunction to be used as an
efficient emitter-base junction in a bipolar transistor [1]. Kroemer later analyzed a
heterojunction as a wide-gap emitter [2]. Since then, heterojunctions have been extensively
studied, and many important applications have been made, among them the room-temperature
injection laser, light-emitting diode, photodetector, and solar cell.

Formation of a band diagram of a heterojunction creates certain difficulties, namely the
problem of band lineup. This problem consists in the description of the equilibrium band
diagram at the interface. If the system consisting of the two semiconductors in contact is in
thermodynamic equilibrium, this implies that the Fermi level should be the same at any point.
However, the condition of Fermi level alignment is not sufficient to properly describe how the
bands are connected at the interface. The basic idea of most theories is to introduce a
reference level in order to put the semiconductors on a common absolute energy scale, and
then to align the reference levels in each semiconductor with each other for band lineup.

The energy-band model of an ideal abrupt heterojunction without interface traps proposed
by Anderson [3] based on the previous work of Shockley introduces as a reference level the
vacuum level E,.. The two semiconductors are assumed to have different bandgaps E,,
different permittivities ¢, different work functions @, and different electron affinities y. Work
function and electron affinity are defined as the energy required to remove an electron from
the Fermi level Er and from the bottom of the conduction band Ec, respectively, to a position
just outside the material (vacuum level). The difference in energy of the conduction band
edges in the two semiconductors is represented by AE¢ and that in the valence-band edges by
AEyv (band offsets).

When a junction is formed between two semiconductors, the energy band profile at
equilibrium is as shown in Fig. 4.1(a) and 4.1(b) for the case of (p) a-Si :H/(c) c-Si and (n) a-
Si:H/(p) c-Si heterojunctions, respectively. Since the Fermi level must coincide on both sides
in equilibrium and the vacuum level is everywhere parallel to the band edges and continuous,
the discontinuity in conduction-band edges (AE¢) and valence-band edges (AEy) is invariant
with doping in those cases where E, and y are not functions of doping (nondegenerate
semiconductors). The total built-in (or diffusion) potential V, is equal to the sum of the partial
built-in voltage (V,; + Va2), where V,; and V,; are the electrostatic potential drops (so-called
diffusion potentials) supported at equilibrium in a-Si:H and c-Si, respectively. The problem
with Anderson's model is that neither ionization potential nor electron affinity are true bulk
properties [4]. They depend on the structure of the surface, so are they affected by surface
relaxation and surface reconstruction. Also, when the interface is formed, there may be charge
transfer, microdiffusion of atoms across the interface, interface reconstruction or
chemisorption. These phenomena lead to the formation of a dipole layer that is not taken into
account in this simple theory. The dipole layer results in the additional potential drop at the
interface within atomic distance that changes the apparent electron affinity or ionization
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Fig.4.1. Band diagram at equilibrium of a (p) a-Si:H/(n) c-Si (a) and a (n) a-Si:H/(p) c-Si (b)
heterojunctions .

The band offsets (AEc and AEy) are important parameters to be taken into account in
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transport phenomena. Minority charge carriers in crystalline silicon face a barrier at the
interface that leads to their accumulation and eventually under forward bias to their
recombination with diffused majority carriers. On the other hand majority carriers also face
the barrier that prevents them from reaching the amorphous layer and improves their
collection at the front contact. Using the parameters of materials such as band gaps energies
(E,), electron affinities (y), work functions (&) and the relations:

AEv +AEC = Egl _EgZ 4.1)

AE. =q(x,— 1)) (4.2)

the band offsets can be related to the position of the Fermi level in both materials
(referred to the majority carrier band, ¢, or d,) and to the total diffusion potential V,. For n-
type c-Si:

AE, =qV,+06,+0,-E,,, 4.3)
with

qVi=q(D;-D>), “4.4)
and, for p-type c-Si:

AE.=qV,+06,+0,-E,,, 4.5)
with

qVi= q(Dr-D,). (4.6)

If one wants to derive the band offsets values from parameters that are known or rather
easily obtained, such as positions of the Fermi level in both materials (obtained from the
doping concentrations) and the band gap in c-Si (that is well-known contrary to that one of a-
Si:H) from Eqgs (4.3) and (4.5) one can see that these parameters are related to AEy or AE¢
through the total diffusion potential V,. For given values of the doping concentrations and thus
0, and 9, the total diffusion potential increases when AEy rises for (p) a-Si:H/ (n) c-Si or when
AE¢ increases for (n) a-Si:H/ (p) c-Si.
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Significant values of AEy or AE¢ can cause the appearance of a strong inversion layer in
c-Si close to the interface. In the last years at LGEP a lot of work has been devoted to
revealing the existence of this inversion layer at the interface and determining he band
discontinuities for both types of crystalline substrate.

4.1.2 Inversion layer in c-Si at a-Si:H/c-Si interface

4.1.2.1 (p) a-Si:H/ (n) c-Si case

Here we provide more details on the study of the inversion layer in (p) a-Si:H/ (n) c-Si
heterojunction that was done lately, namely in LGEP. The planar conductance measurement as
a function of temperature is a powerful tool to study the interface and allows one to highlight
the existence of the inversion layer [5,6].

It was shown that the planar conductance measured for (p) a-Si:H deposited on (n) c-Si
wafer is several orders of magnitude higher than the one measured for samples deposited on
glass substrates [5]. For the glass samples, the range of conductance is compatible with
conductivities that are typical of (p) a-Si:H.

In Figure 4.2 a simplified equivalent electrical circuit for the current transport in the (p)
a-Si:H/(n) c-Si structure is shown. One can see three possible paths for the carriers that
contribute to the planar conductance. The first one is the path entirely in the amorphous layer.
It can be neglected since measurements performed on the glass samples indicated a very low
conductance compared to that of the c-Si samples. The contribution of the second path to the
planar conductance is also negligible. This is because whatever the sign of the polarization,
there is a reverse biased diode limiting the current flowing through this path between the two
top coplanar electrodes. Thus the high conductance measured on the c-Si samples is due to the
third path. This path does exist due to the presence of a hole inversion layer at the interface.
An experimental proof for this path being dominant when a-Si:H is deposited on top of the c-
Si is provided by the comparison of measurements on the c-Si sample before and after etching
of the a-Si:H layer. From experimental data and results of numerical modeling a lower limit
for AEy could be found for the occurrence of the strong inversion layer: 4Ey, > 0.28 eV [5].
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Fig.4.2. Simplified equivalent electrical circuit showing the contributions for the global
conductance (from [5]).

During this thesis we proposed another approach to study the a-Si:H/c-Si interface
namely by using the conducting probe atomic force microscopy (CP-AFM) technique [7].
Measurements were carried out using the setups at Ioffe Physical-technical Institute and at
LGEP [8]. These setups allow one to apply a stable dc bias voltage to the device and to
measure the resulting current flowing through the grounded tip as the sample surface is
scanned in contact mode. Thereby, in both setups, simultaneous topographical and current (or
resistance) mapping can be performed.

The idea of the suggested measurements is the following. If an inversion layer near the
interface exists, then the local minority carrier density becomes considerable thus decreasing
the resistivity. Since resistivity is directly related to resistance through the geometry of a
sample it should be possible to spot the region of low resistance near the heterointerface by
measuring the current (or resistance itself) along the sample. In order to perform such a
measurement one needs to cleave the sample and scan along the cleaved section to access
different regions of the heterojunction. The preparation of the samples has to be done very
carefully since there are several constrains to CP-AFM technique arising from the quality of a
measured surface and possible reconstruction of the surface. Modification of the band bending
due to the surface defects and low sensitivity also can influence the revelation of the inversion
layer by CP-AFM measurements. To minimize the possible presence of surface oxide layer
cleaved samples should be dipped in a hydrofluoric acid (HF) solution and subsequently
measured under nitrogen atmosphere.

Cleaved sections of ITO/(p)a-Si:H/(n)c-Si/ITO samples with different thickness of the a-
Si:H layer (20, 100, and 300 nm) were studied. An example of simultaneous topography and
current images is shown in Fig.4.3. The current image clearly reveals an interface layer that
appears more conductive than both the c-Si substrate and the a-Si:H film. Such a conductive
interface layer was detected on all samples, whatever the a-Si:H layer thickness.
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Fig.4.3. CP-AFM image showing a 0.5x1.5 um’ surface scan depicting (a) the topography
and (b) the current map of a heterojunction based on (n) c-Si/(p) a-Si:H/ ITO from top to
bottom. The bias applied to the sample was -2.5 V. In the current map darker regions
correspond to higher negative current, i.e., more conductive regions.

4.1.2.2 (n) a-Si:H/ (p) c-Si case

The (n) a-Si:H/ (p) c-Si heterojunctions were studied as well in order to reveal the
presence of the inversion layer in c-Si. Planar conductance measurements were carried out on
(n) a-Si:H/(p) c-Si and (n) a-Si:H/glass samples. The latter showed conductance and its
temperature dependence typical for (n) a-Si:H films, with an activation energy of 0.17 eV. The
coplanar conductance of (n) a-Si:H/(p) c-Si samples was found several orders of magnitude
higher, and the temperature dependence wass much weaker (with E,=0.018 eV). The
conduction of holes through the (p) c-Si substrate does not contribute to the current since it
has to cross one reverse biased (n) a-Si:H/ (p) c-Si junction. Again, high conductivity is due to
a high planar electron conductance at the c-Si surface. This was proved by the drastic
decrease of conductance and increase of its activation energy observed after the a-Si:H layer
had been removed by dry etching [9]. The temperature dependence of the sheet electron
density allowed a precise determination of the conduction band offset between a-Si:H and c-
Si: AEc=0.15£0.04 eV [10].

CP-AFM measurements were carried out on cleaved sections of ITO/(n)a-Si:H/(p)c-
Si/ITO samples. An example of topography and resistance image obtained in such conditions
is illustrated in Fig.4.4 with, from top to bottom, the n-type a-Si:H layer and the p-type c-Si
substrate. A conductive channel at the interface is again clearly observed. A careful look
reveals that the channel lies on the c-Si part of the junction.
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Fig.4.4. 2x2 um? surface map illustrating the topography and the local resistance of (n) a-
Si :H (300 nm)/ (p) c-Si heterointerface.

4.1.3 Capacitance measurements of a-Si:H/c-Si heterojunctions

Capacitance techniques have been widely used for band offset determination [11,12].
Similar to capacitance of a p-n junction considered in Chapter 2, the depletion widths and
capacitance can be obtained by solving Poisson's equation for the step junction on either side
of the interface within the depletion approximation. For a crystalline p-n anysotype
heterojunction one can obtain for the depletion widths x, and x, in p- and n- sides,
respectively:

.2 Ny, v, -V,
! qNA(gpNA+gnND)

X 4.7)

xz =z NAgpgn(Vd _Va)

4.8
qND(gpNA+8nND) 5

where Np and N, are the donor and acceptor doping densities of the n- and p- side,
respectively, ¢, and ¢, are the dielectric permittivities, and V, the applied bias voltage The ac
bias produces variations in the space charge density. These occur at the edges of the depletion
region. The capacitance can thus be seen as the series of the capacitances associated to the
depletion widths in each semiconductor and is then written per unit area A:
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When the doping density of the p-side is stronger than that of the n-side, the depletion
width x, is smaller than x,. Thus the measured capacitance is more sensitive to the side of the
junction that has the larger space charge width [4]. For very high space charge density and
very small space charge width on the p-side, the situation becomes similar to that of an
equivalent Schottky barrier, considered in Chapter 2:

C_[q &N,
— = [L_ZnD 4.11

The square of the inverse capacitance varies linearly as a function of the applied voltage and
the intercept of the extrapolated value to zero, V,,, is equal to the total diffusion potential. This
is the basis of the C-V method [13]. From the knowledge of V,, the valence band offset can be
deduced from Eq.(4.3) on n-type c-Si.

Let us now apply the theoretical background described above to the case of a (p) a-Si:H /
(n) c-Si heterojunction. The band diagram and the equivalent junction capacitance circuit are
shown in Fig.4.5.
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Fig.4.5. (a) Band diagram of (p) a-Si:H/(n) c-Si heterojunction. (b) Scheme of the equivalent
capacitance. The capacitance of (p) a-Si:H layer is composed of two capacitances out in
series: at the left of x., the device behaves as a pure dielectric medium with the contribution
of eA/x,, whereas at the right of this cut-off abscissa, the localized states contribution to the
total capacitance is written as eA/Lp**™". The capacitance of (n) c-Si is defined as eA/w, w
being the depletion region width.

The a-Si:H/c-Si case is somewhat particular due to the properties of a-Si:H [4]. Two
issues have to be considered. Firstly, since a-Si:H is not a crystalline semiconductor, it
contains a huge quantity of bulk defects within the bandgap, and the space charge density is
determined by the localized gap states around the bulk Fermi level rather than by the doping
density. Therefore the simple depletion layer expressions are no longer valid. The second
issue, also related to the bandgap states, concerns the dynamic response to an ac voltage.
Indeed, in a-Si:H changes in the space charge density are linked to capture/emission of
charges into/from defects around the Fermi level. This has been studied in details by several
authors [14-16].

As it was discussed in details in Chapter 3 bulk gap states in an n-type amorphous silicon
Schottky diode can exchange electrons with the conduction band. The onset of the response of
gap states to the ac modulation results in a capacitance step when either the temperature is
increased or the frequency is decreased [17]. While the position of the capacitance step
depends on the capture cross section of the carrier being exchanged, the amplitude of the step
is directly related to the quantity of defects regardless of the capture cross section.

Applying this observation for a-Si:H Schottky diodes to the case of a (p) a-Si:H / (n) c-Si
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heterojunction two important issues are worth emphasizing. Firstly, one expects a step-like
behavior in the capacitance versus temperature plot, just like for an a-Si:H Schottky diode.
The same also applies to a (n) a-Si:H / (p) c-Si heterojunction. Such a capacitance step
behavior has indeed been observed experimentally on silicon heterojunctions formed with
undoped a-Si:H [18] as well as with doped a-Si:H. Secondly, due to the specific charge
distribution related to defects in a-Si:H, one cannot use the simple Eqs. (4.7) and (4.8) to
calculate the widths of the space charge regions. Therefore the simple bias dependence of the
total capacitance expressed by Eq. (4.9) or (4.10) should not apply.

The possibility of obtaining the diffusion potential from the bias voltage dependence as
well as the impact of frequency on the C-V curve was studied in Ref. [17]. Here we provide
for a short overview of the main results of this study. In order to address frequency influence
on capacitance numerical calculations using the AFORS-HET software for a (p) a-Si:H/(n) c-
Si heterojunction were performed. The temperature dependence at zero dc bias is shown for
two very different frequencies (100 Hz and 1 MHz) in Fig.4.6. In order to study the dc bias
voltage dependence, the temperature 7 = 250 K was chosen, where the low frequency value of
the capacitance is in the high plateau regime, while the high frequency value is in the low
plateau regime. Thus, at this temperature the two selected frequencies exhibit the extreme
behaviours of the a-Si:H gap states response.
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Fig.4.6. Capacitance versus temperature of a (p) a-Si:H / (n) c-Si heterojunction (d***" = 150
nm) calculated at two different frequencies (100 Hz and 1 MHz). At 250 K these frequencies
show the extreme behaviours for the response in a-Si:H [from 4].

It was observed that the square of the inverse capacitance followed a linear dependence
on the dc bias for both frequencies. However, the slope and the voltage intercept of the linear
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fit were very different for the two frequencies. The exploitation of the capacitance data
obtained at low frequency yields the correct value for the doping density introduced in the
calculation for c-Si, while the value deduced from the high frequency regime capacitance data
is erroneous by about 40%: Np=1.1x10"> cm™ was found using Eq.(4.11) instead of introduced
value 1.5%10" cm™. In the high frequency regime the a-Si:H layer behaves like an insulator
and the corresponding capacitance is thus simply equal to the geometric dielectric capacitance
eA/dS*  In the low frequency regime when the gap states in a-Si:H are able to follow the ac
signal the corresponding a-Si:H capacitance is very large compared to the c-Si capacitance.
This means that the space charge layer width in a-Si:H is very narrow compared to that in c-
Si. From this point of view the system behaves like a p+-n one-sided junction and the
potential drop in the amorphous layer can be neglected. In that case, despite the amorphous
nature of the a-Si:H, the simplified expression of the capacitance given by Eq. (4.11) works
for the determination of Np.

Regarding the determination of the intercept voltage, V.., one could expect that these data
also yield the correct value of band offset since the low frequency data yielded the correct
value of doping density in c-Si. However, it was shown, that the C-V intercept method applied
to the (p) a-Si:H / (n) c-Si structure leads to a strongly undersestimated value for 4Ey [4]. In
the same way, the method applied to (n) a-Si:H / (p) c¢-Si structure leads to underestimated
values for the conduction band offset [17]. By changing the conduction band offset value in
the calculations (all other parameters being constant) it has been shown that there are two
reasons that explain the underestimated values obtained for the band offset. First, increasing
the band offset leads to an increase of the diffusion potential in the a-Si:H that becomes no
longer negligible. Second, part of the potential drop in c-Si is not reflected in the simple
depletion layer approximation because of the existence of a strong inversion layer in c-Si at
the interface. In this layer the potential drop does not follow the quadratic dependence as in a
depleted region but it has much steeper variations. The intercept voltage of the C-V method
reflects the potential drop of the depleted region in the c-Si layer, and does not account for the
two additional potential drops in a-Si:H and in the strong inversion layer in c-Si. This is why,
when increasing the band offset the intercept voltage of the C-V method saturates at a value
close to the potential drop in the depleted region of c-Si and does not increase linearly as does
Va[17] (see Fig. 4.7).
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Fig.4.7. Calculated values of the total diffusion potential, V, the part of the diffusion
potential in c-Si, V¥, and the intercept voltage of the inverse square capacitance, Vi, in an

(n) a-Si:H / (p) c-Si heterojunction, as a function of conduction band offset, AEc [from 4].

Thus the flaw of the C-V method is that it disregards the potential drops in the a-Si:H
layer as well as in the strong inversion layer in c-Si. The inversion layer issue was addressed
for crystalline p*-n homojunctions a long time ago in the work of Gummel and Scharfetter
[19]. They showed on the example of p*-n junction that the depletion approximation is not
valid if one side of the junction is much more heavily doped than the other. They calculated
the capacitance as the difference of stored electron charge associated with dc states due to the
total voltage change, dV, divided by the voltage difference. In their theoretical development
they considered that there was the spill-over charge, i.e. the charge resulting from carriers
spilled over from the heavily doped side, by adding the term of the holes contribution to the
charge in the n-side of the junction. They found that for asymmetrical junctions the intercept
of a plot 1/C? vs V, with the voltage axis was nearly independent of the impurity concentration
on the heavily doped side and was less than the built-in voltage. This is somewhat similar to
the behavior observed in Fig.4.7 where V,, is independent of 4E. while Vd increases linearly.

A more detailed study of the influence of the surface inversion layer has been carried out
during this thesis and will be proposed in the next sections.
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4.2 Frequency dependent behavior of C-T dependencies:
capacitance steps

In this section we focus on the study of the frequency dependent low temperature region
of capacitance-temperature dependencies of (p) a-Si:H/(n) c-Si heterojunctions. As it was
discussed in the previous section that C-T curves are expected to experience a low-
temperature step which position is frequency dependent due to the capture-release processes
in the amorphous layer. At higher temperatures C-T curves coincide and the capacitance
increases smoothly. An example of capacitance-temperature dependency in a wide
temperature range obtained by numerical modeling is presented in Fig.4.8. The parameters
used to describe the structure shown in Fig.4.8 are presented in the following section.
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Fig.4.8. Calculated capacitance curves as a function of temperature for two frequencies (AEy
=0.47 eV, u, = 1 cm*V's” and o, = 7x107° cm?). Frequency dependent steps and quasi-static

region are indicated.

We clearly observe that the capacitance is independent of frequency in the high
temperature region (T>250 K), that corresponds to the quasi-static response. At lower
temperatures we have observed two capacitance steps. This is even a more peculiar feature
compared to preceding works where only one step was mentioned (see Fig.4.6 and Ref.[4]).
In the following we will discuss the origin of these two steps, and whether they may exist or
not depending on a-Si:H/c-Si interface parameters.
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4.2.1 Numerical modeling of C-T dependencies

Simulations were performed with AFORS-HET v3.0 software. The (p) a-Si:H/ (n) c-Si
structure that was modeled is given Fig.4.9. For the p-type a-Si:H layer the density of states
was taken independent of energy and equal to 10" cm™ eV and the Fermi level position was
fixed at 0.3 eV from the valence band edge at 300 K by introducing the corresponding
concentration of acceptors Ny = 1.44x10" cm™. The carrier mobilities were taken equal to u,
= 10 cm*V's! and uy, = 1 cm?V's’. The electron and hole capture cross sections were
introduced equal to o, = g, = 7x10® cm*. A doping density Ny = 1.2x10'°cm™ was introduced
to set the Fermi level at 0.2 eV from the conduction band edge in (n) c-Si at 300 K. The
carrier mobilities were taken equal to u, = 1040 cm*V's™ and u, = 412 cm*V''s™". The valence
band offset (AEy) value was varied by changing the electron affinity of both materials, while
keeping the band gaps constant, equal to 1.74 eV and 1.12 eV in a-Si:H and c-Si, respectively.

metal contact

80 nm

300 um

metal contact

Fig.4.9. (p) a-Si:H/(n) c-Si heterojunction structure introduced in simulations.

It has been suggested that in the temperature dependence of the capacitance C(T) two
steps may be observed that are shifted to higher temperatures when the measurement
frequency is increased [20-22]. The first step, occurring in the low temperature range (100-
200 K), was related to the transport and response of gap states in the a-Si:H layer, and the
second step, occurring at higher temperatures (>200 K), was ascribed to the response of the
interface states. In this study, we will not address the effect of interface states and we will
concentrate on the low temperature step. The reason is that, for high quality silicon
heterojunctions solar cells, the interface defect density is low enough and has influence on the
C-T behavior. This was shown for both simulation and experiment on (n) a-Si:H/(p) c-Si
heterojunction [10]. For (p) a-Si:H/(n) c-Si heterojunction, being the object of the present
work, we performed the similar study of the influence of the interface defects on the
capacitance-temperature dependencies. This analysis is presented on Section 4.4.2.

Considering this, in the simulations perfect interface without any interface states was
introduced. Although the low temperature step is generally attributed to the response of the

131



4 Capacitance spectroscopy of a-Si:H/c-Si heterojunctions

gap states in the amorphous layer, the transport of carriers from the electrodes to the space
charge region can also influence the capacitance value, especially in low mobility
semiconductors like a-Si:H. These two processes may be competing as it was discussed in
Chapter 3 for the case of a-Si:H Schottky diodes. Indeed, the characteristic times of the
capture-release process and the transport of carriers can be comparable for certain values of
the capture cross section and mobility of majority carriers, here those of holes, g, and u,. In
addition, for the (p) a-Si:H/(n) c-Si heterojunction the presence of the free holes located in the
inversion layer at the interface on c-Si side may also induce a capacitance response. All these
processes would have different activation energies. Thus, the present interest is concentrated
in deriving the activation energy of the capacitance step and its interpretation.

The calculated band diagram of the (p) a-Si:H/(n) c-Si heterojunction described above is
shown in Fig.4.10.
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Fig.4.10. Calculated equilibrium band diagram of (p) a-Si:H/ (n) c-Si heterojunction at 300 K
for a valence band offset value AEy= 0.47 eV and N(Er) = 1x10" cm™eV".

Typical calculated capacitance curves are presented in Fig. 4.11. As in the case of a-Si:H
Schottky barrier (see Chapter 3) the capacitance curves are shifted to higher temperatures for
higher frequencies. Two capacitance steps are observed at characteristic temperatures 7o s
and Ty ng. These two steps indicate that there are two processes being activated with the
increasing temperature. The turn-on temperatures 7y, and Ty, Of the capacitance steps were
derived from the corresponding conductance-temperature (G-T) dependencies as the
temperatures of the maximum on the G-T curves as it is shown in Fig.4.12.
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Fig.4.11. Calculated capacitance curves as a function of temperature for different frequencies
(u, = 1 cm’V's" and 6, = 7x107° cm?). Two characteristic temperatures Ty 1, and T jign Of
two corresponding capacitance steps are indicated.
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Fig.4.12. Calculated conductance curves as a function of temperature for different
frequencies (u, = 1 cn’V's™ and 6, = 7x107° cm?). Two characteristic temperatures Ty, and
Ty nign Of two corresponding capacitance steps are indicated.

The Arrhenius plot of @ vs 1000/T, allows one to obtain the activation energy E, of each
capacitance step and thus the activation energy of the corresponding process. The activation
energy can provide for information on which process can be linked with each step. For the
curves shown in Fig.4.13 the two activation energies E,; = 0.31 eV and E,, = 0.45 eV were
obtained for the low and the high temperature capacitance step, respectively.
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Fig.4.13. Arrhenius plot w vs 1000/T for Ty nw and Ty ien for the C-T curves presented in Fig.9
(u, = 1 cm’V's' and 6, = 7x107° cn?’).

In order to understand which processes are characterized by these activation energies we
varied the position of the Fermi level (Ey - Ey)*5"", the valence band offset AEy, hole mobility
Up, in a-Si:H, and the hole capture cross-section of defect states in the a-Si:H band gap o,. The
dependence of T, on the carrier mobility can indicate whether the capacitance steps are related
to the transport in a-Si:H. In the same way, the dependence of T} on the capture cross-sections
of defects in a-Si:H can indicate whether capture and emission processes are involved in the
capacitance steps.

The influence of the capture cross section of holes on C-T curves for (Er-Ey)**"=0.3 eV,
AEy=0.47 eV and u,=1 cm*V's™ is shown in Fig.4.14.
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Fig.4.14. Calculated C-T curves for different values of capture cross section of holes in a-
Si:H at f=12.8 kHz (u,=1 cm*V's”).
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One can see that for 6, < 7x10'® cm” only one capacitance step is observed, while for g, =
7x10™ cm?® and ¢, = 7x10'° cm? the two steps are more prominent. It is noteworthy that the
high temperature step is almost unchanged for all considered values of g,. The absence of the
low temperature step is confirmed by the conductance-temperature curve where only one
maximum is observed (Fig.4.15). However, the only capacitance step for g, = 7x10™"® cm? is
rather a superposition of two distinguished steps observed for higher values of the capture
cross section than a “pure” high temperature step. The evolution of these steps can be seen on
the G-T curves in Fig.4.15 for a range of capture cross section values from g, = 7x10™"* cm? to
0, = 7x10™*" cm®. One can see that the only step for g, = 7x10"® cm? is characterized by wide
peak in conductance curve that can be considered as a overlay of two peaks brought close to
each other. However, for g, < 7x10" c¢m® the conductance peaks are well resolved and
describe the high temperature step. The processes related to each step and the evolution of C-
T curves with the change of ¢, will be discussed further, where the activation energies of each
step are considered. Up to this point, we may conclude that the modulation of gap states
occupancy through capture-release processes of holes in the space charge region on the a-Si:H
side influences significantly the capacitance-temperature behavior, namely the position of the
low temperature step.
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Fig.4.15. The conductance-temperature curves for different values of capture cross section of
holes in a-Si:H at f=12.8 kHz (u,=1 cm*V's™).

The influence of the hole mobility in a-Si:H on C-T curves is presented in Fig.4.16. We
observe the same trend as the one obtained when varying g, one can observe that the

capacitance-temperature curves exhibit only one distinguished step that occurs at lower
temperatures for larger values of mobility.
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Fig.4.16. Calculated C-T curves for different values of mobility of holes in a-Si:H at f=25.6
kHz (6,=7x107° cm?).

Again as in the case of changing t a, the only capacitance step at higher values of u, is

the “pure” high temperature step shifted to the low temperatures, as it will be shown later
from the derived activation energy values. From Fig.4.17 one can see that the temperature
shift of the high temperature step is significant in comparison with that of the low temperature
step. Thus the process related to the high temperature step is more sensitive to the change of
the hole mobility.
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Fig.4.17. The conductance-temperature curves for different values of hole mobility in a-Si:H
at f=12.8 kHz (6,=7x10"° cm?).
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Let us now address the processes possibly involved into the observed capacitance steps.
From the activation energies obtained for o, = 7x10'° cm* and u, = 1 cm*V's' we may
conclude that the low temperature step is related to the capture-emission process in the bulk of
the amorphous layer with E,; = 0.31 eV that is close to the value (Ep-Ey)*** "* The high
temperature capacitance step with E,; = 0.45 eV can be possibly related to the modulation of
the hole’s concentration in the inversion layer by the change of the ac signal since its
activation energy is larger than that of (E-Ey)*** * and is very close to (Ep-Ey)*5" = 0.42
eV at the interface. Since the low temperature step is related to the capture-emission
processes, the decreasing of the capture cross section of the holes at a given frequency wy
leads to the increase of Ty, that agrees to the condition of the onset of the response of gap
states at the bulk Fermi level:

(4.12)

pth

E _ E a—Si:Hbulk
20,v Nvexp(—( P Ey) = w,,

kT,

where v, is the thermal velocity and Ny is the effective DOS in the valence band. Since the
high temperature step is not affected by the change of the capture cross section, the 7§ g
value does not vary. As the results two steps are shifted closer to each other due to the
increase of T} . For the value of the hole capture cross section ¢, = 7x10™"® cm* we can see
the superposition of two responses to the ac modulation whose turn-on temperatures lie close
to each other: in the bulk due to the capture-emission and at the interface due to modulation of
concentration of the holes in the inversion layer. Further decreasing of the hole capture cross
section results in the further shift of 7, to higher temperatures. As a results, 7y, becomes
higher than T, ,, and the temperature positions of the steps are inversed. From ¢, = 7x10™"
cm’ we observe only the high temperature step. The activation energy of 0.42 eV was found
for this capacitance step, that corresponds to (Ep-Ey)**** at the interface. The capture-emission
processes that are limited by the low o, value should take place at T > T ;. However, no step
is observed at higher temperature that can be explained by the amplitude of the high
temperature capacitance step. Indeed, the charge variation at the interface due to the high
hole’s concentration is more considerable that that one due to the capture-release processes.
Once the modulation of the hole’s concentration at the interface is activated the step related to
the response of the gap states becomes negligible and therefore cannot be observed on C-T
curves.

In order to confirm the attribution of the low temperature capacitance step to the capture-
release processes the case of different thickness of a-Si:H layer was considered. The C-T
curves for g, = 7x 107" cm* and u, = 1 cm?V's™! are shown in Fig.4.18.
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Fig.4.18. Calculated C-T curves for AEy = 0.47 eV at f=12.8 kHz for different thicknesses of
a-Si:H layer (u, = 1 cm*V's” and o, = 7x107"° cm?).

As it was expected the change of the a-Si:H layer thickness influences considerably the
low temperature step without bringing any change to the other step. The low temperature
capacitance is equal to the two capacitances put in series: the geometrical capacitance of a-
Si:H layer defined as eA/d***" and the capacitance of c-Si. The low temperature step becomes
less pronounced for very thin a-Si:H layer since the thickness is close to the Debye length in
the material and small variation of capacitance can be perceived between two limit values in
a-Si:H: eA/d*S"" and ¢A/Lpy™*" . In order to study the influence of the Debye length on the low
temperature step C-T curves were modeled for different values of N(Er)***". The C-T curves
are shown in Fig.4.19.
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Fig.4.19. Calculated C-T curves for AEy = 0.47 eV at f=12.8 kHz for different values of
N(Er)*5* in the a-Si:H layer (d“*" = 80 nm, u, = 1 cm’V's” and 6, = 7x10"° cm’).
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The increase of the DOS at the Fermi level results in the lower value of the Debye length,
Lp™**¥ and thus the capacitance increases, that can be observed in Fig.4.19. The shift of the
high temperature capacitance step for N(Er)*# = 1x10'® cm?eV"! is due to the change of the
potential’s distribution at the interface that will be discussed further.

The increase of the hole mobility influences dramatically the high temperature step. The
activation energy of the step for the very high values of the hole mobility is around 0.44 eV,
which corresponds to (E-Ey)**" at the interface. Since the change of the mobility influences
considerably the C-T curves we may conclude that transport of carriers affects the capacitance
signal. The presence of only one step at high values of u, and the vanishing of the low
temperature step can be explained as follows. As it was shown in Chapter 3 for the simple
case of an a-Si:H Schottky barrier there is a competition between two processes: transport of
charge carriers and capture-release. The contribution of each process into the position of 7 is
defined by its characteristic time depending on the capture cross section for capture-emission
processes and on the carrier mobility for transport. The slowest process would be determinant
for the onset of the capacitance signal. Here one can see that the change of the mobility up to
u, = 1000 cm*V's™ results in the limitation of the capture-response processes by the low
capture cross section value. Therefore, the corresponding step takes places at the temperature
superior to the T, of the step related to the modulation of the hole’s concentration at the
interface and cannot be perceived due to smaller charge variation, as it was discussed above.
Indeed, for the higher values of 6, = 7x10™"* cm? and y, = 1x10° cm*V''s™ Ty, is reduced due
to the increase of ¢, and again two steps can be observed as it is shown in Fig.4.20.
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Fig.4.20. Calculated C-T curves for different values of capture cross section of holes in a-
Si:H at f=12.8 kHz (u,=1x10° cm*V's™).

The activation of the response of the holes in the strong inversion layer is defined by the
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term (Ez-Eyv)*>"" at the interface, since holes have to overcome the barrier to be exchanged and
evacuated by the a-Si:H layer. At high values of the hole mobility and for the values of
capture cross section g, = 7x10"° cm? and 6, = 7x10"° ¢cm? the activation energy of the only
step is E, = 0.46x0.04 eV, which indeed corresponds to (E-Ey)***" at the interface. The
increase of the hole mobility promotes the transport to the electrodes. In order to assign
explicitly the obtained activation energy to (Ep-Ey)**"" at the interface, the case of N(Er)***" =
1x10"™ cm™eV! was considered with the band diagram shown in Fig.4.21.
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Fig.4.21. Calculated equilibrium band diagram of (p) a-Si:H/ (n) c-Si heterojunction at 300 K
for a valence band offset value AEy= 0.47 eV and N(Ep)*5*" = 1x10'"® cm™e V.

The decrease of the DOS at the Fermi level in a-Si:H changes the potential distribution
between a-Si:H and c-Si layers. The potential drop in c-Si is reduced while V5 is
increased. Due to this redistribution the strong inversion layer is less pronounced and the
concentration of holes at the interface is reduced. In Fig.4.19 it is shown that T} s is shifted
to higher temperatures and the activation energy for this high temperature step is equal 0.54
eV that corresponds exactly to (Er-Ey)“*" at the interface (see Fig.4.21).

All obtained activation energies for AEy=0.47 eV are presented in Table 4.1.
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E _E a-Si:H

( F(e\;)) u, (cm?*V's™) 0, (cm?) E. (eV) E.(eV)
0.2 1 7x1076 0.18 0.44
0.3 1 Tx10™ 0.28 0.46
1 7x10°16 0.31 0.45

1 7x107 0.42
100 7x10™ 0.28 0.47
1000 Tx10 0.29 0.50

1000 7x1076 0.49

1000 Tx10™ 0.46
1x10° Tx10 0.28 0.48

1x10° 7x1076 0.44

1x10° 7x10™ 0.47
0.35 1 7x10°16 0.34 0.46

Table 4.1. Activation energis E,; and E,; of low and high temeperature capacitance steps
(when applicable), respectively, extracted from C-T curves calculated for various input values
of position of the Fermi level, hole mobility and defect capture cross sections in a-Si:H (N(EFr)
@Sk = [x 10" cm?eV!). The valence band offset was set at 0.47 eV.

As an illustrative example of the discussion presented above, a simplified equivalent
scheme of a heterojunciton is shown in Fig.4.22. At low temperatures the total junction
capacitance consists of two capacitances put in series: geometrical capacitance of a-Si:H,
eA/d*"™" and the capacitance of c-Si, eA/w. With the increase of temperature the capture-
release processes in a-Si:H are activated at a cutoff frequency wy so that (R, +R,5" )-C/*
S = 1/wo, where R, 5" is the resistance related to transport, R,/ to the time response of
the gap states, and C,**" is the capacitance associated to reponse of the defects, cA/Ly"*"".
Further increase of temperature results in the activation of the response of holes in the strong
inversion layer with the activation energy (Er-Ey)***" at the interface. This response provides
for a low current path through R;, and C,,, resistance and capacitance associated to the time
response of holes in the strong inversion layer, respectively. Thus, at high temperatures the
total junction capacitance is defined by two capacitances put in series: Ci, and eA/W-X;u,
where x;,, 1s the width of the strong inversion layer.
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Fig.4.22. Simplified equivalent scheme of a (p) a-Si:H/(n) c-Si heterojunction. R,"**" is the
resistance related to transport, R/ to the time response of the gap states, C,**" is the
capacitance associated to reponse of the defects, eéA/Lp**". Ri,, and C,, are the resistance
and the capacitance associated to the time response of holes in the strong inversion layer of

the width x;.,, respectively.

In order to study the influence of the inversion layer more carefully heterojunctions with
different values of AEy were modeled. Keeping the positions of the Fermi levels the same in
both materials we tested a much lower value of AEy, AEy = 0.2 eV knowing that no strong
inversion layer at the interface exists for this value of the valence band offset [5]. The
comparison of the C-T curves for y, = 1 cm*V's! and o, = 7x10"° c¢cm? is presented in
Fig.4.23.
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Fig.4.23. Calculated C-T curves for AEy = 0.2 eV and AEy = 0.47 eV at f=12.8 kHz (u, = 1
cm’V's' and 6, = 7x107° cn?).

The main difference between the two curves in Fig.4.23 is the presence of only one
capacitance step at low temperatures for AEy = 0.2 eV that has an activation energy of 0.29
eV. Thus, by reducing the valence band offset we suppressed the strong inversion layer at the
interface and no response of the holes in c-Si can be observed on the C-T curve. Only the
expected capture-emission processes of holes in the bulk of the amorphous layer are seen with
the activation energy corresponding to the bulk value of (Er-Ey)“**". We can also observe that
the low temperature capacitance value differs as well for the two compared curves in Fig.4.23.
This is due to the smaller depletion layer width in the crystalline silicon for AEy = 0.2 eV that
is the result of the reduced potential drop in c-Si.

We varied separately the hole mobility and the hole capture cross section as it was done
for the case of AEy = 0.47 eV. For all studied cases only one capacitance step was observed
with the activation energy lying within the range 0.29-0.32 eV, i.e. equal within determination
errors to the value (Ez-Ey)**" in the bulk. The results are presented in Table 4.2.

EES vy | o) E.(eV)
€V) AEy=0.47 eV AE=0.20 eV
1 7x1076 0.31 0.45 0.29
1 7x10™" 0.42 0.31
. 100 7x10™ 0.32 0.31
100 7x1076 0.28 0.47 0.33
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Table 4.2. Activation energy E, of the capacitance step in C-T curves calculated for two input
values of the valence band offset AEy, hole mobility (u, ) and hole capture cross section (a,) in
a-Si:H. The Fermi level position in a-Si:H was set at 0.3 eV. In some cases, only one step
could be observed on the C-T curves, leading to only one value of the activation energy.

Finally, for AEy = 0.2 eV we observed that changing of the mobility and the capture cross
section both influences the position of the turn-on temperature. Thus, both transport of
carriers and capture-release processes influence the capacitance-temperature dependencies
and are involved in the determination of the position of the capacitance step.

4.2.2 Experimental results. Comparison with modeling

We present here some experimental results of capacitance measurements performed on
(p) a-(Si:H/(n) c-Si heterojunctions. The samples were fabricated at Helmholtz-Zentrum
Berlin fiir Materialien und Energie and at CEA-INES.

The typical structure is shown in Fig.4.24.
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Fig.4.24. Basic structure of the investigated (p) a-Si:H/(n) c-Si heterojunction solar cell [from
29].

The HZB solar cells consist of float zone grown c-Si wafers (1-2 Q cm, 200 um thick,

(100) oriented) treated by a sequence consisting of (1) standard RCA cleaning, (2)
KOH/IPA pyramid etching, and (3) second RCA cleaning. Immediately before a-Si:H
deposition, the wafers were etched in hydrofluoric acid (HF) (1% in H,O, 1 min). This
removes the oxide grown in the last cleaning step and passivates the surface by hydrogen. The

144



4 Capacitance spectroscopy of a-Si:H/c-Si heterojunctions

substrates were then introduced into the loadlock of the PECVD system and pumped down to
a pressure P lower than 5x107" mbar. The a-Si:H layers were deposited in a conventional
parallel plate RF-PECVD reactor at an excitation frequency of 13.56 MHz, using silane
(SiHy) as a precursor gas. Identical deposition conditions were maintained: base pressure
lower than 5 x 107" mbar, RF power of 9 mW/cm?. Doping of a-Si:H was achieved by mixing
SiH4 with H,-diluted PH; for n-type and H»-diluted B,Hs for p-type doping, respectively. The
deposition temperature in both cases was adjustable between 60 °C and 300 °C. The p/n
heterojunction was formed on the front side of the structure, and an a-Si:H layer with the
same conductivity type as the c-Si wafer is deposited on the rear to obtain a Back Surface
Field (BSF). Reactively sputtered ZnO:Al was used as a transparent conducting oxide, and
aluminum is evaporated by electron beam (e-beam) to form the rear and front contact. The
solar cells were finished by defining the front grid in a photolithographic lift-off process and
the emitter area (1 cm?) by mesa etching. More details on the fabrication can be found in Refs.
[23,24].

The solar cell fabricated at CEA-INES were obtained as follows. The amorphous silicon
layers deposition has been done on high quality FZ n-type monocrystalline 125 psq wafers
(<100>; 200um; 1-5Q-cm) cleaned to remove the native oxide by a short 2% HF dip. The
amorphous silicon layers were processed using a 13.56 MHz PECVD parallel-plate reactor at
low substrate temperature (200°C). The deposition pressure, the inter-electrode distance, and
the RF power were fixed. A gas mixture of SiH., H,, B,Hs, and CH4 was used. Thin buffer
layer was introduced just before deposition of the p-doped layer to enhance passivation. Total
thickness of (i)+(p) a-Si:H stack was 12 nm. As BSF layer the stack (i)+(n) a-Si:H was used.
The samples were then cleaned and textured. Finally, the front side is finished by ITO and a
screen printed grid while the back side is a ZnO:B /Al stack. More details on the fabrication
are presented in Refs. [25-29].

The capacitance measurements were carried out with an Agilent E4981A capacimeter that
operates in small-signal mode (V.. = 20 mV) at different frequencies. The samples were
placed in a cryostat that is pumped to reach the vacuum of 10 mbar. The temperature was
varied in the range 77 K - 320 K. During the measurements samples should be kept in the
dark in order to avoid the photogeneration of the carriers. The C-T dependence obtained on
one of HZB samples is presented in Fig. 4.25.

145



4 Capacitance spectroscopy of a-Si:H/c-Si heterojunctions

2;2)(10_8 T T T T T T T T T
—%— 411 Hz

b |—#— 846 Hz

—a&— 1741 Hz
2 0x1078 | [—¥— 3582 Hz
—4— 7368 Hz
b [—»— 15.2 kHz
—¢—31.2 kHZ|

i 1,8x10°8 - .
O
16x108 - .
(a)
1 4)(10_8 1 1 1 1 1 1 1 1 1
' 75 100 125 150 175 200 225 250 275 300 325
T (K)
-8
23x10 [ T T T T=100 K
2.2x10°% b ——T=170 K
A #—T=200 K
21x10°8 - rf*—”"‘—v——v\v\_ﬂh —a—T=250 K
20x10° W = IR
19x10°% - \,—
w 18x108 - -
e 17108 | 4
16x10°% | .
15x10® | .
-3 L _
1,4x10 ®) 1
13x10°® : ; : '
' 10 100 1000 10000 100000
f(Hz)

Fig.4.25. (a) Experimentally obtained C-T curves on HZB (p) a-Si:H/(n) c-Si sample; (b)
capacitance-frequency curves at different temperatures of HZB (p) a-Si:H/(n) c-Si sample.

In Fig.4.25(a) one can see a step at low temperatures that shifts to higher temperatures
with the increase of frequency. In Fig. 4.25(b) we present C-f curves for different
temperatures. Again one can clearly observe a step on the C-f curves that shifts to higher
frequencies as the temperature increases. The derived activation energy of this step is 0.29 eV.
This value can be interpreted as the position of the Fermi level in the (p) amorphous layer. In
the range 250-275 K another peculiarity can be observed on the curve that can be considered
as a higher temperature step. However, the dispersion of C-T curves and overall increase of
capacitance with temperature at any frequency (see the following) do not allow one to provide
a reliable identification of this possible step.
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The C-T curves obtained on one of the CEA samples are shown in Fig.4.26.
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Fig.4.26. (a) Experimentally obtained C-T curves on CEA (p) a-Si:H/(n) c-Si sample; (b)
capacitance-frequency curves at different temperatures.

A capacitance step can be observed on the C-f curves althought it is not clear if one
considers only C-T data in Fig.4.26(a). The derived activation energy of this step is 0.08 eV.
In order to interpret this value and assign the capacitance step to a concerned process we
briefly recall the results of the numerical modeling. We observed two capacitance steps whose
activation energies were assigned either to the position of the Fermi level referred to the top
of the valence band of a-Si:H in the bulk or at the interface. The activation energy of 0.08 eV
is too small to be comparable with either of these two values. The absence of the high
temperature step characterized by rather large value of the activation energy can be explained
by the absence of the strong inversion layer in which the response of the holes to the small
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signal modulation was observed. However, this explanation does not hold true if one
considers the overall increase of capacitance with temperature in the quasi-static mode. As it
will be shown further, the C-T dependencies obtained on the CEA samples are reproduced by
the calculation only if the minority carriers' contribution to the charge density in (n) c-Si is
taken into account and this way the strong inversion layer is considered.

At this point we provide for an interpretation of the experimental results based on the
transport phenomena in (p) a-Si:H. It was demonstrated that the variable range hopping is the
dominant transport mechanism in amorphous silicon at low temperatures [30-33]. Between
250 K and room temperature the conduction is provided by charge carriers that are thermally
activated across the band gap [31]. In this range amorphous silicon behaves quite like a
crystalline semiconductor with a gap of forbidden states. At low temperatures thermal
excitation does not take place into the bands anymore and hopping conductivity is observed.
Hopping refers to tunneling transitions from occupied to unoccupied localized states near the
Fermi level with the assistance of phonons. Indeed, as it is shown in Fig.4.27 at low
temperatures the conductivity in (p) a-Si:H is larger by orders of magnitude than the
conductivity expected in the case of only thermal excitation of carriers.
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Fig.4.27. Arrhenius plot of the dark conductivity of (p) a-Si:H sample vs 1000/T. Exponential
fit represents the expected behavior of the thermal conductivity if the high temperature
mechanism remains unchanged.

Thus there should be no limitation due to the transport of charge since the mobility of
carriers is high enough. We would like to emphasize that no hopping was considered in the
numerical modeling carried out above and the conductivity followed the behavior shown by
the exponential fit in Fig.4.27. Therefore, at low temperatures the transport was limited by the
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low conductivity in the (p) a-Si:H layer. If hopping is the dominant process in a-Si:H at low
temperatures, the filling (emptying) with holes of gap states does not proceed any more
through capture (emission) processes from (to) the valence band. Therefore, no activation
energy can be attributed to these processes and no capacitance step can be observed.

The high temperature capacitance step due to the modulation of the hole’s concentration
in the strong inversion layer, as it was shown above, mainly depends on the hole mobility and
thus on the transport of holes. The numerically obtained activation energy, being equal to the
position of the Fermi level in a-Si:H at the interface, is related to the barrier in the a-Si:H
layer at the interface that holes should overpass in order to be collected at the electrodes. Yet
holes from the strong inversion layer can tunnel to the band gap in a-Si:H instead of crossing
the barrier by thermal activation. In the a-Si:H band gap, holes then flow from on gap state to
another until a certain moment when the emission to the valence band becomes more
preferable (i.e. the tunneling rate becomes smaller than the rate for hole release from the state
tot he valence band). The corresponding activation energy is defined then as the difference
between the gap state energy level from which a hole is emitted and the valence band. This
energy difference is difficult to determine since there are many possible paths in the band gap
for a hole to follow by hopping. The larger the DOS in a-Si:H is, the larger number of gap
states are available. Thus, the activation energy of 0.08 eV can be attributed to the small
energy difference between the gap level from which holes are emitted and the valence band in
a-Si:H. This shematic illustration of these processes is presented in Fig.4.27.

(p)a-Si:H (n)c-S1

[ ST i S Bl

Ey

Fig.4.28. The schematic illustation of the holes tunneling from the strong inversion layer to
the band gap of a-Si:H and their emission to the valence band with the activation energy E,.

The multitunneling phenomenon was considered in the work of Matsuura et al. for the
case of undoped a-Si:H/(p) c-Si heterojunction [34]. The authors suggested the multitunneling
capture-emission mechanism as an explanation to the obtained current-voltage characteristics.
As proposed by the authors, a hole in the valence band of (p) c-Si flows from one localized
state to another in a-Si:H located within an energy range of kz7T by a multitunneling process
and keeps flowing until a tunneling rate becomes smaller than the rate for hole release from
the state to the valence band of a-Si:H or for recombination of the hole with an electron in the
conduction band of a-Si:H. An ending point of tunneling might be close to the edge of the
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depletion layer of a-Si:H, where the tunneling rate decreases due to a decrease of electric
field. Our system can be regarded somewhat similar if we draw a parallel between the strong
inversion layer in c-Si with the significant hole concentration and (p) c-Si layer described in
the Ref.[34]. It allows us to expect the same behavior in the case of (p) a-Si:H/(n) c-Si
heterojunction with the strong inversion layer in c-Si at the interface.

Considering tunneling and hopping mechanisms we propose a modified version of the
equivalent scheme that was presented in Fig.4.22. As it can be senn in Fig.4.29 we introduced
the tunneling low resistance R, that shunts the response of the holes in the strong inversion
layer with thelarge activation energy (R;, and C;,), therefore the corresponding capacitance
step is not activated. Once holes tunnel to a-Si:H from the inversion layer they flow from one
gap state to another by hopping that is represented by the resistance R,. If hopping is the
dominant transport mechanism the thermally activated capture-release processes between the
Fermi level and the valence band (R,“Si:H and C,***") are not preferable and are shunted by
low resistance R,. As we already mentioned above, there may be an activation energy
associated with hopping since at a certain moment a carrier is emitted to the valence band
from a gap state. However, its determination is troublesome.

Rua—Si:H

VW | |
Rda~Si:H§ § R

Rh 2 Rt 2 inv
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Fig.4.29. Simplified equivalent scheme of a (p) a-Si:H/(n) c-Si heterojunction with tunneling

and hopping considered. R,“*"" is the resistance related to transport, R;/*"
response of the gap states, C,5"" is the capacitance associated to reponse of the defects,

eA/Lpy”SM. R, and Ci,, are the resistance and the capacitance associated to the time response

to the time

of holes in the strong inversion layer of the width x.., respectively. R, and R, are the
resistances associated with tunneling and hopping, respectively.
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Concluding this section we refer to the results obtained in National Renewable Energy
Laboratory (NREL) on the capacitance study of the inversion layer in (p) a-Si:H/(n) c-Si
heterojunction [35]. The authors observed that the capacitance-frequency dependence exhibits
a step at a fixed temperature: the capacitance drops to a lower value above certain frequency
Jrear- This step can be regarded as the equivalent of the step on a C-T curve obtained at a fixed
frequency. Arrhenius plot — the logarithm of 2xf,.. /I plotted versus the inverse
measurement temperature yielded an activation energy E, = 161 meV at zero bias and E, =
203 meV at -4V reverse bias. It was suggested by the authors that this activation energy was
due to the carrier exchange between the holes in the inverted c-Si and the Fermi level at the a-
Si/c-Si interface. This carrier exchange process is thermally activated with its activation
energy being the difference between the Fermi level and the c-Si valence band edge at the
interface.

This activation energy, although attributed to the same process in the inversion layer, is
found to be different than in simulation performed in this thesis. We found the activation
energy being equal to the position of the Fermi level in a-Si:H at the interface that is
significantly larger that one obtained in the referred work from NREL. The possible
explanation to the obtained E, that is equal to the difference between the Fermi level and the
c-Si valence band edge at the interface could be again tunneling of the holes through the
barrier at the interface to the band gap of a-Si:H. Thus the energy is needed to activate the
holes in the strong inversion layer in c-Si, which then tunnel to the amorphous layer and are
collected at the contact. If we compare the results obtained in NREL with the experimental C-
T curves obtained in this work, we can conclude that we do not observe a considerable
activation energy that can be related to the difference between the Fermi level and the c-Si
valence band edge at the interface due to the different band diagram at the interface. Indeed,
from numerically calculated band diagram we saw that for large valence band offset values
the valence band edge in c-Si lies very close or even crosses the Fermi level at the interface.
High V,. obtained on CEA samples and study of the quasi-static mode of the capacitance
signal presented further allow us to estimate AEy being larger than 0.4 eV, therefore negligible
difference between the Fermi level and the valence band edge in c-Si is expected. Regarding
this, in CEA samples no considerable energy is needed to modulate the holes in the inversion
layer and to collect them on the contacts, if hopping mechanism takes place in a-Si:H.

4.2.3 Conclusions

The numerically obtained temperature and frequency dependencies of a-Si:H/c-Si
heterojunction capacitance have been examined. Two capacitance steps have been observed
on C-T dependencies for typical values of the hole mobility and hole capture cross section u,
= 1 ecm*V's! and o, = 7x10"° cm?, respectively. The activation energies of the capacitance
steps have been attributed to different processes. The low temperature step is characterized by
the activation energy that corresponds to the position of the Fermi level in the bulk of
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amorphous silicon referred to the top of the valence band. This is related to the transport and
the capture-emission of holes by defects in a-Si:H, as detailed in the previous chapter for a-
Si:H Schottky diodes. The high temperature step has the activation energy close to the
position of the Fermi level in amorphous silicon at the interface referred to the top of the
valence band, thus being related to the response of holes in the strong inversion layer at the
interface. At low value of the valence band offset (AEy=0.20 eV) the strong inversion layer
disappears and only one capacitance step was observed with the activation energy equal to the
position of the Fermi level in the bulk of amorphous silicon.

Change of the mobility and the capture cross section influences differently the position of
the turn-on temperature of the steps. The low-temperature step depends considerably on the
capture cross section while the second step is not affected by the change of the latter. At very
low values of ¢, due to the shift of 7j . to higher temperatures only high temperature step is
observed since the capture-release processes are limited by the hole capture cross section and
are activated at higher temperatures. However, no step is observed at higher temperature that
can be explained by the amplitude of the high temperature capacitance step. Indeed, the
charge variation at the interface due to the high hole’s concentration is more considerable that
that one due to the capture-release processes. Once the modulation of the hole’s concentration
at the interface is activated the step related to the response of the gap states becomes
negligible and therefore cannot be observed on C-T curves.

The variation of the hole mobility influences drastically the high temperature step that
results in the significant shift of 7} x, to low temperatures. The capture-release processes are
influenced as well by the change of u,. For high hole mobility values the capture-release of
holes is limited solely by the capture cross section value and the corresponding step cannot be
observed on C-T curves since it is again absorbed by the strong change of capacitance within
the high temperature step.

The C-T curves obtained experimentally on different samples showed different behavior
in the low temperature range. At low temperature a capacitance step can be seen on the C-T
curveson the HZB samples that can be attributed to the activation of response of gap states to
the ac signal. The high capacitance step is not observed clearly, although, a peculiarity at
around 7 = 225 K can be perceived but its further interpretation is complicated.

The C-T curves obtained on CEA samples experience a small capacitance step that can be
observed more clearly on the C-f plot. The activation energy of this step is 0.08 eV. In order to
interpret these results we assume hopping as the dominant transport mechanism in a-Si:H at
low temperatures. Considering this, the filling (emptying) with holes of gap states does not
proceed any more through capture (emission) processes from (to) the valence band, and
therefore no activation energy can be attributed to these processes and no corresponding
capacitance step can be observed. The absence of the high temperature step with large
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activation energy, observed by numerical modeling and related to the response of holes in the
strong inversion layer, is again explained by hopping processes. Holes from the strong
inversion layer instead of crossing the barrier by thermal activation tunnel to the band gap in
a-Si:H. In the band gap in a-Si:H holes then flow from on gap state to another until a certain
moment when the emission to the valence band becomes more preferable (i.e. the tunneling
rate becomes smaller than the rate for hole release from the state to the valence band). The
corresponding activation energy is then defined as the difference between the gap state energy
level from which a hole is emitted and the valence band. Thus, the activation energy of 0.08
eV we attributed to the small energy difference between the gap level from which holes are
emitted and the valence band in a-Si:H.

4.3 Quasi-static behavior of C-T dependencies: band offsets
and the inversion layer

In this section we concentrate on the temperature dependence of the low frequency
capacitance in a wider temperature range, up to 400 K. As it was shown above at low
frequencies from a certain temperature there is no limitation due to transport in a-Si:H and the
charges in the a-Si:H space charge region and the inversion layer at the c-Si interface can
follow the ac modulation and C-T dependencies become independent of the frequency. This
behavior can be considered as quasi-static. Thus here we will focus on the quasi-static mode
of C-T dependencies and will show that it is influenced by the presence of the strong
inversion layer.

The classical depletion approximation for junction’s capacitance will be recalled. The
explicit analytical calculation of the junction capacitance taking into account the existence of
a strongly inverted surface layer at the c-Si surface, as earlier evidenced from other
experimental techniques, will be presented. Within this complete calculation we focus on two
main features of interest: capacitance-temperature dependencies at zero bias and capacitance-
voltage dependencies at different temperatures. The analytically obtained results will be
compared with experimental data and the possibility of analyzing the band diagram and
extracting the valence band offset will be discussed.

4.3.1 Calculation of the junction’s capacitance: depletion approximation

In the quasi-static mode, for the case of (p) a-Si:H/(n) c-Si heterojunctions we consider
that all gap states in a-Si:H respond to the ac modulation. The capacitance of the amorphous
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layer is then C“" = gA/ Ly | [55% = e/g*N(E, )" being the Debye length in a-
Si:H associated to the density of states (DOS) at the Fermi level, N(Ex)**". In c-Si the
classical depletion approximation neglects minority carriers and assumes total depletion of
majority carriers in the space-charge region to a depth w in c-Si, and perfect charge neutrality
beyond w. Then we have the well-known expression for the capacitance C..s= ¢A/w. Since the
permittivity of a-Si:H can be considered equal to that of c-Si the total capacitance is then
written as

c._ ¢ 4.13
" , (4.13)
where w is defined through [36]

kT _ qNIL;Si w2

V c—=Si _
¢ q 2¢

(4.14)

The correction factor kz7/q instead of 2kzT/q was introduced due to only one majority-carrier
distribution tail at the edge of the depletion region in c-Si.

We here assume that that the Debye length in a-Si:H is smaller than the layer thickness,
so that the a-Si:H layer can be considered as semi infinite [37]. In order to obtain capacitance-
temperature dependencies it is necessary to find an explicit expression for w=f(T). For this
purpose we write the charge neutrality condition leaving out the interface charge that is
negligible in good electronic quality devices like high efficiency solar cells:

Qc—Si +Qa—Si:H — 0’ (415)

where Q% and Q“*** are the charges per unit area in c-Si and a-Si:H, respectively, given by:

, . , 2 . k. T
gN q

and

a—Si:H
Vd

—SiH
L,
D

QM =¢ (4.17)

where V,*'=V(w)-V(0) and V,/* "= V(-0)-V(0) are the potential drops in c-Si and a-Si:H,
respectively. Knowing that gV, *#+qV,* = ¢V, and using Eq.(4.15) we obtain the
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expression for the potential drop in crystalline silicon:

1 4k, T
v, =5{2Vd+V1—JV1(4Vd+Vl— 2 )] (4.18)
q

where

~ o) q N[(;Si ngsl‘:HZ
E

V, (4.19)

The depletion width then can be written according to Eq.(4.14), using the potential drop
in ¢-Si defined in Eq.(4.18). Thus capacitance-temperature dependency can be expressed
through the temperature dependency of the diffusion potential V, and consequently of all the
parameters entering in V, from Eq.(4.3):

qu — E;‘—Si +AEV _5(‘—Si _5a—Si:H (4'20)

Capacitance-temperature dependencies were calculated for different values of the band
offset (AEy), density of states in a-Si:H, doping density in c-Si and a-Si:H. Our main objective
was to fit the experimental results with the capacitance data obtained from the depletion
approximation calculations. In our calculations we did not introduce the thin intrinsic layer of
amorphous silicon that is present in the measured samples.

Introducing the (i) a-Si:H layer does not bring any change to C-T curves at high
temperature (above 200 K) obtained by numerical modeling at low frequencies, as it will be
shown in Section 4.4.1. Indeed since the thickness of the intrinsic layer is estimated to be in
the range 1-5 nm, it does not modify significantly the band bending. Nor does it act as a pure
dielectric layer, since at considered frequencies and temperatures the gap states can follow the
ac modulation.

4.3.1.1 Failure of the depletion approximation to reproduce experimental C-T data

In Fig.4.30 we compare experimental C-T data to those calculated from the depletion
approximation using the parameters listed in Table 4.3.
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Fig.4.30. Comparison of experimental data with the C-T curve obtained from the depletion

approximation calculation.

Parameter Value
AE, - 55" (eV) 0.1-0.5
N(Er)~5™ (eV'em™) 1x10"
. NEH(T
5es kBTlnC—()
D
N5 (cm™) 3x10"-((T/300)"*) [38]
N&*¥ (em™) 2.86x10"-((T/300)"*) [38]
1.5x10" (measured independently by
Ny (cm™) four-probe resistivity and quasi-steady-
state photo conductance methods)
ES S (eV) 1.1692-4.9x10*-T*(T+655) [39]

Table 4.3. Parameters used in depletion approximation calculations for the C-T data from

Fig.27.

The calculation of the temperature dependency of the diffusion potential V, implies
knowing the variation with temperature of all parameters in Eq.(4.20):

qV,(T)= E;—Si (T)— 85 (T) + AE, (T) — 5 (T)
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The variation with temperature of the band gap in crystalline silicon is well-known [39].
The temperature dependence of the position of the Fermi level in (n) c-Si is defined by:

N (1)

8 (T )=k, Tin N

, 4.22)
where N%(T) is known from Ref.[38].

The values and temperature dependencies of the two last terms in Eq.(4.21) are still
subjects of discussion. To the first order, we can assume a linear temperature dependence:

AE,(T)=AE,(0)—a,T , (4.23)
(T )=8""""(0)—ap T (4.24)
so that
AE,(T)=8""(T)=AE,(0)-8""(0)~aT , (4.25)
oa=ay,ta, , (4.26)

where ar and ay are the temperature coefficients of the Fermi level position and the valence
band offset, respectively, and AEy(0) and 65#(0) are corresponding values at 7= 0 K.

In Fig.4.31 we present capacitance-temperature dependencies calculted from the
depletion approximation for different AEy(0) - 6“***#(0) values with a = 0.
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Fig.4.31. Comparison of experimental data with the C-T curves obtained from the depletion
approximation calculation for different input values of AEy(0) — 5°*"(0) with no temperature
dependence considered.

One can see that at low temperatures the best reproduction of the experimental data is
achevied for AEW(0) - 55#(0) = -0.05 eV. In Ref.[37] it was shown that the valence band
offset value at 0 K is equal to 0.4 eV and its variation with temperature can be neglected, thus
oy = 0. Using this value for AE(0) we obtain for the position of the Fermi level in (p) a-Si:H
0“5 (0) = 0.45 eV.

Since no temperature variation of the valence band offset can be considered, only
temperature dependence of the position of the Fermi level in (p) a-Si:H determines the term
AEW(T) - 0“%**(T). This temperature dependence of the Fermi level is referred as statistical
shift and it occurs because charge neutrality has to be maintained in the layer when the
temperature varies [40]. The activation energy obtained from dark conductivity measurements
in doped a-Si:H has to be corrected for the statistical shift if one wants to assess the (Er - Ev)
term. The statistical shift of the Fermi level in p-type a-Si:H was studied in the work of
Kazanskii and Kuznetsov [41]. It was shown that for heavily doped samples, Er moves to the
middle of the mobility gap in the low temperature region. On the contrary, for temperatures T
> 360K the value of Er - Ey, decreases when the temperature rises. The temperature
coefficient of (Er - Ey) in high temperature range was found at — (2 to 3) x10* eV/K.
Considering this ambiguity in the temperature dependence of the Fermi level in p-type a-Si:H
we decided to explore a range of values of the temperature coefficient: from -6x10* eV/K to
4x10* eV/K. Considering the values of AEy(0) and 6“**”(0) that provided for the best
reproduction of the experimental data in Fig.4.31, we calculated C-T dependencies
introducing various temperature coefficients a. The corresponding curves are shown in
Fig.4.32.
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Fig.4.32. Comparison of experimental data with the C-T curves obtained from the depletion
approximation calculation for different input values of temperature coefficient o. for AE\/(0) -
0SH1(0) = -0.05 eV.

Changing the temperature dependence of the AEy-6“5** allows one to slightly change the
behavior of capacitance-temperature curve as it can be seen in Fig.4.32. However, all values
of the temperature coefficient a up to 1x10 eV/K do not provide for a satisfactory fit of the
experimental capacitance data as shown in Fig.4.33. The value of a =1x107 eV/K implies too
enhanced temperature dependence of 0“***. Furthermore, the value of 6% at T = 300 K is
decreased in comparison with 65" (0) that contradicts the observations of Kazanskii. The
absolute value of the temperature coefficient was estimated to lie in the range 3k-6k [33],
which is much lower than a =1x10° eV/K. Therefore, none of the acceptable values of a is
able to correctly reproduce the experimental capacitance increase with temperature that is
always more pronounced than obtained within the depletion approximation calculation.
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Fig.4.33. Comparison of experimental data with the C-T curve obtained from the depletion
approximation calculation for temperature coefficient o = 1x10° eV/K (AEW0) - 6%(0) =
0.05 eV).

4.3.2 Calculation of the junction capacitance: complete analytical
calculation

As it was shown previously the depletion approximation does not allow one to reproduce
closely the experimentally obtained C-7 data. Therefore another approach should be
developed without any approximations. Our objective is to provide the complete analytical
calculation of the junction capacitance that takes into account the influence of the minority
carriers and the potential drop in the c-Si without using the depletion approximation.

Here the detailed procedure of this calculation will be provided for the case of (p) a-Si:H/
(n) c-Si heterojunction. For the n-p case the procedure is the same with respect of the majority
Vs minority carriers.

We introduce the functions u.(x) and u,(x) to define the position of the electron and hole
quasi Fermi levels in relation to the intrinsic level (close to the mid-gap):

_E;-E (x)

u ==
B

, (4.27)

and
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E! —E(x)

) 4.28
o (4.28)

uh(x) =

where Ej(x) is the intrinsic level in ¢c-Si as a function of distance x from the junction (where x
= 0). Here we assume that quasi Fermi levels E/" and E;* are independent of x in the space
charge region. Using these functions we write the electron and hole concentrations (n and p,
respectively) in n-type c-Si as follows:

n(x) =n, expu,(x), (4.29)
p(x) =n;exp(-u, (x)), (4.30)
_ .2 _ _ 2 E; — E;i — 52 m
()P () =] explu, ()1, () = n exp=e—ct- = n exp, = 431)

In Eq.(4.31) we have used that the voltage drop across the junction is related to the
splitting of the quasi Fermi levels. Thus, the concentration of holes can be expressed in terms
of u, and the applied voltage V,:

_ _ v
p(x) =n;exp(—u,(x))exp KT (4.32)

This minority-carrier term p(x) adds a contribution gp(x) to the space charge density in c-
Si and by introducing it into the calculations one will be able to estimate whether its influence
is negligible or not.

In order to solve the Poisson equation we obtain the expression for the charge density p:

B

p(x) = q[p(x) —n(x)+ N> ] = q| n, exp(—u, (x)) exp% —n, expu,(x)+n, expu, (oo)} ,

(4.33)

and

d*V(x) _ kT d’u,(x)

4.34
dx’ g dx’ (“434)
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Then the Poisson equation:

da’v. p
dx* € ( )
1s written as:
d*u, q’n. qV.
<+ ~lexp(—u, (x)+—%)—expu, (x)+expu, (=) =0 4.36
o T p(—u, (x) kBT) pu,(x)+expu, () (4.36)

2d
After multiplication of both sides of Eq.(4.36) by the term d”e and further integration
X

we obtain the following expression:

d 1
e JF @, 0.V). (4.37)

dx LY

with

Fu,(X),V,) = expu, (x)+exp(—u, (x)+ %) —expu, (o)
v ? (4.38)
—exp(—ue<w)+,‘<’—;>+exp 1, (00) - (i, (00) — 1, (x)),

B

and L,"% being the intrinsic Debye length:

s T
155 = Skg , (4.39)
2g°n;

The positive sign has been chosen in Eq.(4.37) since the electric field is negative in the n-
side of the p-n heterojunction.

Now we shall consider the total charge neutrality:

QM Q% QM = () (4.40)
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The total charges in c-Si and a-Si:H are written in the following way:

& 7 . &, T _&,T
0% = [ pwdr =0 =e 2| =Zul ) -8l 1 e 00y,
0 dx q dx 10 qg L,
4.41)
QM = £ (V(=0)=V(0)) = - £ (V(0) =V (=e0)
L (4.42)

\/ £
qZN(EF )a—Si:H

Here we again neglect the interface charge as it has been done in the depletion
approximation calculations. Rewriting the charge neutrality condition taking into account Egs.
(4.41) and (4.42) we obtain the following expression:

2k T
AV OV = [T )f @, ©0),V,) (4.43)

The term on the left hand in Eq.(4.43) can be as well determined from the band diagram:

qV(0)=V(==)) =gV, —qV, — kT (u, () = u,(0)), (4.44)

2k, T
aVa =V, =k T ()= O) = | = )a”m NTTROXA RS

Eq.(4.45) is written with only one unknown variable — u.(0). Therefore a single-valued
analytical solution can be obtained.

The analytical calculation of capacitance is based on the estimation of charge dQ that is
extracted from one electrode with a change in terminal voltage dV,

_ 40

av, - (4.46)

Since the number of extracted electrons on one side equals the number of extracted holes
on the other side we can calculate only the charge of extracted electrons on the n-side:
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0, = [ay ™ —nydx. (4.47)

Using Eq.(4.37) one can rewrite the expression for the charge and capacitance:

u, () c—Si
o q(N,™ —n) _ c=Si
Qe - u .([0) Tdue - qniLD I ’ (448)

dx
with

#, ()

expu, () —expu, (O)du

I = (4.49)
u, (0) f(ue (O),Va )
The capacitance is thus given by
g dl
C — n»LL_Sl el
qn, Ly v (4.50)

a

where dI/dV, is written as follows:

dl __due(O){exwe(w)—eXPue(O)}r““”( 1jeXpue(oo)—expue'df(ue,Va)du

av, v, V7@, 0).V,) col 20 [fa vl av, 7

(4.51)
taking into account the result of differentiation of Eq.(4.38) with respect to V.:
df(ue ’Va) q an an

= exp(—u, (x)+ —exp(—u, () + —= 4.52

o ST P ) —expn () 570 (4.52)

With the help of MATLAB software the capacitance is calculated according to Eq.(4.50)
as a function of temperature and applied voltage for different values of the band offset (AEYy),
density of states in a-Si:H, doping density in c-Si and a-Si:H. It is worth emphasizing that
based on the equations given above one can also calculate the capacitance without taking into
account the holes and consequently neglecting the strong inversion layer in c-Si. If one
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neglects holes’ contribution to the charge density in Eq.(4.33) the function fis then reduced to
f* that is independent of V,:

f*(u, (x)) = expu, (x) —expu, (o) + expu, (>0)(u, () — u, (x)). (4.53)

Then the capacitance is obtained from Eq.(4.50) by following the same procedure given
above and substituting f by f*. The step-by-step calculation is presented in Appendix C.

Now let us study in details the capacitance-temperature dependencies at zero polarization.

4.3.2.1 C-T dependencies at zero polarization

In Fig.4.34 one can compare the C-T dependencies obtained from the complete analytical
calculation described above and the depletion approximation for AEy = 0.4 eV, Ny =
1.5x10" cm™, N(Ep)"**" = 1x10" cm?e V!, 657 = 0.45 eV.

1 ,6)(10-8 T T y T " T . T T T y T " T " T T T y T
—m— analytical with inversion
o —<— analytical without inversion
1,5x10" | —u— depletion approximation //
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Fig.4.34. Analytical and depletion approximation C-T dependencies for AEy =0.4 eV at zero
bias. "With inversion" referrs to the calculation taking into account the contribution of holes
in the space charge region;, "without inversion" - to the calculation neglecting the
contribution of holes in the space charge region

As it can be seen from Fig.4.34 the minority carriers in c-Si bring significant change to
the capacitance behavior with temperature. The inversion layer reduces the potential drop in
the c-Si layer resulting in the increase of the capacitance. The calculation carried out without
taking into account the minority carriers’ contribution provides almost the same C-T curve as
the classical depletion approximation. It can be shown analytically (see Appendix C) that the
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capacitance obtained using f* function from Eq.(4.53) eventually reduces to the capacitance
defined previously from the depletion approximation:

C=———+ (4.54)

with

Zg(vdc—si -V, - k B%)

c—Si
aNp . (4.55)

w =

The influence of the inversion layer in c-Si is different for different values of the band
offset. In Fig.4.35 C-T curves calculated for AEy=0.1 eV and AEy = 0.3 eV are presented.
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Fig.4.35. Analytical C-T dependencies for various AEy at zero bias. Filled symbols show the
calculation taking into account the contribution of holes in the space charge region; open
symbols - the calculation neglecting the contribution of holes in the space charge region.

For AEy = 0.1 eV no strong inversion exists at the interface up to high temperatures,
therefore the contribution of the minority carriers is negligible. The case of AEy = 0.3 eV is
intermediate: the inversion layer becomes important above 7' = 250 K. For AEy = 0.4 eV or
larger (Fig.4.34) the presence of the inversion layer is observed even at low temperatures and
its influence on the capacitance is important in the whole temperature range.
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The comparison of the analytically obtained C-T curve for AEy = 0.4 eV and the
experimental one is presented in Fig.4.36.
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Fig.4.36. Experimental and analytically calculated C-T dependencies for AEy = 0.4 €V.

As one can see the experimental curve is perfectly well reproduced by the analytically
calculated C-T dependency if one takes into account the effect of the strong inversion layer. In
a recent work based on planar conductance measurements the valence band offset value was
evaluated: AEy = 0.3620.05 eV [42]. The fit of the experimental curve with AEy = 0.4 eV
shows good agreement with this value and provides a further confirmation of the existence of
the strong inversion layer.

To estimate the contribution of the inversion layer in (n) c-Si a simplified estimation of
the capacitance can be carried out by taking the potential drop in the depletion region in c-Si
qV i (inlim- inversion limited) that can written as follows:

quc—Si _ E§_Si _ zé‘C—Si (456)

inlim

The term gV, can be regarded as the effective potential drop in the depletion region
in ¢-Si when the strong inversion layer exists. The part of the total potential drop in c-Si lies
within the inversion layer thus the effective potential drop in the depletion region in c-Si that
contributes to the capacitance, gV *uin, is smaller. This effect is shown in Fig.4.37.
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Fig.4.37. The influence of the strong inversion layer on the potential drop in the depletion
region in c-Si. V' i defines the depletion width Wi, that is the effective depletion width at
the edge of which the charge is modulated and capacitance signal is obtained.

Indeed, the strong inversion layer does not contribute to the depletion region in c-Si,
since it can supply for free carriers, i.e. holes. Therefore the depletion region in c-Si is
defined now by the effective potential drop ¢V, *.» that equals to the difference between the
total diffusion potential in c-Si and the potential drop in the inversion layer, as it can be seen
in Fig.4.37. The corresponding depletion width w;,;, is smaller than the theoretical width,
provided by the depletion approximation Wgepein. The capacitance Ciu, in this case is
calculated in the same way as within the depletion approximation:

(4.57)

inlim —

&4 gqN;—Si
Y . Ll -
2ETT —25°7)

inlim

This “inversion limited” capacitance was then compared with the complete analytical C-
T data and depletion approximation calculation in Fig.4.38. The “inversion limited”
capacitance defined by Eq.(4.57) does not depend on the junction properties and is derived
only from the parameters that describe the crystalline layer. Since the effective potential drop
in the depletion region in c-Si is fixed at the value defined by Eq.(4.56), it does not depend on
temperature and the influence of the inversion layer is considered at the whole temperature
range. Indeed, at low temperatures, where the influence of the strong inversion layer is weak
or disappears, the “inversion limited” capacitance differs from both analytical and depletion
approximation curves. From a given temperature, where the contribution of the strong
inversion layer becomes considerable, the “inversion limited” curve reproduces well the C-T
data obtained from complete calculation that takes into account the minority carriers in (n) c-
Si, as it is shown in Fig.4.38. Thus we can conclude that if one considers the presence of the
strong inversion layer at the interface in c-Si the depletion region in c-Si becomes thinner and
is defined by the effective potential drop with the value close to gV ¥ uim = (E“5-25%).
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Fig.4.38. Analytical, depletion approximation and “inversion limited” C-T curves for
AEVZO.S.

4.3.3 Conclusions

In this section we studied the dependency of the junction capacitance on the temperature.
It was shown that the classical depletion approximation does not provide for an acceptable
reproduction of the experimental data obtained for (p) a-Si:H/(n) c-Si heterojunction. This is
due to a strong inversion layer that exists at the interface of (p) a-Si:H/(n) c-Si junction. This
layer absorbs part of the total potential drop across the junction and the effective potential
drop in the depleted region in c-Si becomes close to the value gV, i = (E;5-20°%).

The complete analytical calculation of capacitance was developed that takes into account
the minority carriers contribution to the charge density in (n) c-Si and therefore the inversion
layer. Analytically calculated and obtained from the depletion approximation capacitance-
temperature dependencies were compared in order to reveal the influence of the inversion
layer in c-Si. It was shown that within complete analytical approach the inversion layer brings
significant change to the capacitance for the values of the valence band offset larger than 0.3
eV. The influence of the inversion layer depends dramatically on the temperature. At low
temperature for AEy < 0.3 eV the strong inversion layer does not exist and brings no
contribution into C-T dependencies. At higher temperatures the influence of this layer
becomes considerable that results in the increase of the capacitance signal. For valence band
offset values higher than 0.3 eV the strong inversion exists even at low temperatures. The
experimentally obtained C-T curves showed a good agreement with the complete analytical
calculation and the presence of the inversion layer in the studied samples was then fully
confirmed.
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The experimental C-T dependencies also allowed us to conclude that AEy higher than 0.3
eV in the measured samples since the influence of the inversion layer was considerable even
at low temperatures. C-T measurements performed on different samples showed the same
behavior and the existence of the strong inversion layer was always revealed. A simplified
“inversion limited” method of calculating the capacitance using the depletion approximation
was proposed. It was demonstrated that the suggested value of the potential drop in the
depletion region gV, ¥ = (E,“%-20%) represents well the change of this parameter due to
the inversion layer and allowed one to reproduce the complete calculation C-T data. Thus
using this approximation with a effective potential drop in the depletion region such as gV~
Sintim = (E7%-207%) allows one to well reproduce the C-T curve calculated without any
approximation if a strongly inverted region exists.

4.3.3.1 C-V dependencies

In this section we will address the capacitance-voltage dependencies at different
temperatures. Again the influence of the strong inversion layer will be studied as well as the
possibility to extract of the band offset values from the C-V measurements.

It was shown previously that according to the depletion approximation the total diffusion
potential V, can be found from C-V measurements, and, more precisely, from the intercept of
the linear extrapolation of 1/C* versus the applied reverse voltage (V,) with the voltage axis
Viu. Knowing V, and the positions of the Fermi level in a-Si:H (6“**") and ¢-Si (%) one could
easily determine the band offset values from Eq.(4.3).

4.3.3.1.a Experimental 1/C* vs V, curves and intercept voltage Vi

The 1/C* vs V, data obtained from our complete analytical calculation is compared to
experimental curves for two temperatures in Fig.4.39.
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Fig.4.39. Experimental and analytically calculated 1/C* vs V, curves for T=180 K and T=300
K.

Experimental curves are very well reproduced by analytical approach with AEy = 0.4 eV
taking into account the strong inversion layer. However, the definition of the intercept value
and the slope of experimental 1/C* vs V, curves is ambiguous due to the curvature of these
curves. In Fig.4.40 experimental 1/C* vs V, curve at 300 K is shown together with two linear
fits performed in different ranges of applied voltage.
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Fig.4.40. Experimental 1/C* vs V, curve at 300 K and two linear fits in different applied
voltage ranges. The obtained intercept voltages V., and V. are indicated.
One can see that the choice of the fitted region significantly changes the derived intercept

voltage value. We interpret the curvature of the 1/C? vs V, curve as a change of the effective
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surface area at the edge of the space charge layer. Indeed, in the studied solar cell the junction
surface is textured and the surface area of the device should be corrected by the area factor
which represents the increase of surface area caused by texturing. This factor depends on the
geometry of textured surface and a priori is unknown. Area factors between 1.1 and 1.7 were
reported [43, 44]. The effective area considered in C-V measurements, however, depends on
the applied voltages. Under small reverse bias voltages the area of the sample is close to the
true area of the textured surface. When large reverse bias voltages are applied the surface
enhancement caused by texturing tends to vanish and the effective area approaches that of a
flat surface sample. This phenomenon was studied in the work of Schutze et al [45] on
textured silicon solar cells. It was shown that if large reverse V, can be applied to the sample,
the doping density can simply be calculated from the slope of the 1/C* vs V, curve without
knowledge of the surface enhancement. The reduction of the surface area under high applied
voltages can be explained if one considers the width of the depletion region in c-Si. The larger
the applied bias is the larger the depletion width is. Therefore the ac modulation of the
depletion width takes place further from the junction textured surface than under small bias
and if the depletion region’s limit lies deeper in the bulk, the effective area is less influenced
by the texture of the interface.

Considering the uncertainty in the determination of the effective area it becomes
troublesome to determine the true intercept voltage value. For solar cells, the applicable
reverse bias voltages are frequently limited by early junction breakdown due to, for example,
high base doping, or special cell concepts. In this work we wanted to avoid breakdown of our
high efficiency solar cells and therefore we limited the explored reverse bias range to -3V.
Further in this work, we will consider the intercept voltages obtained from the linear fit of the
small reverse voltages with the surface correction factor of 1.6, that is close to the value
measured on similarly textured solar cells processed at INES. Nonetheless, our principal
interest is to assess the temperature evolution of the derived V,, rather than interpretation of its
absolute value so the choice of the surface correction factor is not of great importance.

In order to study the evolution with temperature of the intercept voltage and compare it
with the total diffusion potential calculated from Eq.(4.3) and with the inversion limited
potential drop in depleted region in c-Si we normalized the values of intercept voltage to that
measured at 7 = 300 K. The normalized potentials are shown in Fig.4.41.
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Fig.4.41. Evolution with temperature of the normalized values of the intercept voltage Vi
derived from experiment, theoretical values of total diffusion potential V, and inversion
limited potential drop in the depleted region in c-Si V> iim (AEy = 0.4 €V).

One can see that the temperature dependence of the experimentally derived intercept
voltages is very close to that of the potential drop in the depleted region in c-Si when the
strong inversion layer is considered (defined by Eq.(4.56)). The evolution with temperature of
the total diffusion potential is less pronounced. We can conclude that the intercept voltage
derived from 1/C’ vs V, plot does not represent the total diffusion potential as it is predicted by
the depletion approximation and exhibits a more pronounced temperature dependence. In fact,
if we suppose that V,, is close to the effective potential drop in c-Si, its temperature evolution
is then related to the influence of the inversion layer that disappears at low temperatures. This
reasoning explains the deviation from the temperature dependence of V%, at T=140 K.
Since at this temperature, the inversion layer is less pronounced, the potential drop in the
depletion region in c-Si becomes closer to the total diffusion potential. On the contrary, the
term V%, is always affected by the presence of the strong inversion layer in the whole
considered temperature range, as it was discussed previously. Another possible effect that
influences the experimentally derived intercept voltage is the capacitance step that may exist
at low temperatures. Thus it becomes problematic to measure the true quasi-static capacitance
signal at very low temperatures.

4.3.3.1.b Intercept voltage derived from analytically calculated 1/C* vs V, curves

Now let us address the analytically calculated 1/C* vs V, curves and the derived Vi,
values. Again the evolution with temperature of V,,, obtained from complete calculation with
and without consideration of the strong inversion layer was studied as well as that one of V,
and V%, The obtained values of the intercept of the linear extrapolation V., V, and V,
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Suiim are plotted as function of temperature in Fig. 4.42.
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Fig.4.42. Evolution with temperature of Vi, (with and without inversion) obtained from
analytically calculated 1/C* vs V, curves at AEy=0.4 eV and of theoretical values V, and V
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Analytical V, =~values obtained from 1/C? vs V. curves are very different from the total

diffusion potential if the strong inversion layer is considered. For low temperatures, where the
inversion layer disappears, the difference is less pronounced. As it was done in the previous

section, a reference value of the potential drop in depletion region in c-Si, V dC'Si was

inlim
considered. V. ~is very close to this reference value. On the contrary, when no inversion is
considered in the calculations, Vim is close to V . Thus, we may conclude that the presence of

the strong inversion layer influences the derived intercept voltage that can no longer be
considered as the total diffusion potential predicted by the depletion approximation. This term
describes the potential drop in depletion region in ¢-Si which becomes close to V , only at very

low temperatures where the strong inversion layer is less pronounced. At higher temperatures,
the influence of the inversion layer is important and the potential drop in the depletion region
in c-Si has to be corrected by the part of the total diffusion potential that is absorbed by the
inversion layer. Since the intercept voltage is not equal to the total diffusion potential, V, .

cannot be used for the extraction of the band offset values.

Results from analytical calculations are given in Table 4.4 for 2 temperatures, 140 K and
300 K. To emphasize the contribution of the strong inversion layer to the capacitance and
therefore to the determination of Vm , value, the results are compared with the case of AEV=O.1
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eV, where no inversion exists in the considered temperature range.

T=140 K T=300K

‘/inla V ‘/da V VdC-Siinlima V ‘/inta V ‘/da V ‘/(1(--Siinlim7 V

AEy=0.4 eV
with strong 0.98 0.64
inversion layer

1.00 0.95 0.87 0.61
AEy=0.4 eV

without strong 0.98 0.79
inversion layer

AEy=0.1 eV 0.68 0.69 0.95 0.49 0.52 0.61

Table 4.4. Intercept potential, V,,, total diffusion potential, V, and inversion limited potential
drop in the depletion region in c-Si, VS for T = 140 K and T =300 K.

As it can be seen from Table 4.4 V,, values are very close to the total diffusion potential
in the case of AEy=0.1 eV, thus confirming that the absence of strong inversion allows one to
obtain V, from C-V measurements.

Although no area ambiguity exists for analytically calculated 1/C* vs V, curves, the
dependence of the intercept voltage on the applied reverse bias can be shown. The previously
discussed C-V and consequently 1/C’ vs V, curves were calculated for the range of the reverse
bias from -1 V to 0 V. Now we present the results obtained on the wide range of the applied
reverse bias voltages.

Increase of the absolute values of the reverse bias voltages results in the increase of the
derived intercept voltage that approaches the value of the total diffusion potential for such a
configuration, V= 0.87 V. This evolution is presented in Table 4.5.

Range of reverse bias voltages for the Derived V,,, (V)
linear fit (V)
[-17;-14] 0.72
[-10;-7] 0.69
[-7:-4] 0.68
[-1;-0] 0.64

Table 4.5. Intercept potential V,,, as a function of the applied reverse bias voltage at T=300 K
and AEy=0.4 eV.
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This dependence of the intercept voltage on the reverse bias voltage can be explained
again by the influence of the strong inversion layer on the potential drop in the depleted
region in c-Si. The increase of the reverse bias induces the increase of the potential across the
junction while the part of the potential drop absorbed by the inversion layer remains the same.
Therefore, for large values of total potential the influence of the inversion is less and less
pronounced.

This phenomenon was studied in the work of Gummel and Scharfetter on p+-n step
homojunctions [19]. It was shown that the derived intercept voltages depended dramatically
on the doping ratio Nu/Np of the layers and the applied reverse voltage. For heavily doped p-
layers with the doping ratio higher than 10° V;, was found to be inferior to V, under small
reverse bias voltages. The authors explained this behavior by the increase of the junction
capacitance when the holes’ contribution in n-layer was considered in comparison with that
predicted by the depletion approximation. The increase of the reverse bias resulted in the
increase of V,, until it became equal to V,. Therefore we may conclude that in (p) a-Si:H/(n) c-
Si heterojunction we observe the similar situation where minority carriers bring significant
change to the capacitance that results in the applied reverse voltage dependency of the C-V
data.

4.3.4 Conclusions

In this section the detailed assessment of C-V dependencies at different temperatures was
carried out. The analytically calculated 1/C* vs V, curves for (p) a-Si:H/(n) c-Si with AE,=0.4
eV were compared with the experimental ones at various temperatures. It was shown that
experimental data is well reproduced by complete analytical calculation that takes into
account the minority carriers’ contribution which is significant due to the existence of the
strong inversion layer at the interface in c-Si. According to theoretical derivation based on the
depletion approximation the total diffusion potential, V,, is equal to the intercept of the linear
extrapolation of 1/C* versus applied reverse voltage (V,) with the voltage axis, V... However,
Vi values derived from both analytical and experimental 1/C? vs V, curves differ significantly
from the total diffusion potential V, predicted by theory. The problem of ambiguity of the V,
values derived from the experiment due to the area definition was discussed. The area for
textured samples should be corrected by the area factor that depends on the geometry of the
junction and is difficult to define. Considering this, the absolute intercept voltage values
derived from experimental C-V curves have to be considered carefully.

The temperature dependencies of the intercept voltages obtained from experimental
curves showed similar behavior to that of the potential drop in the depleted region in c-Si
when the strong inversion layer is considered. We conclude that the intercept voltage derived
from 1/C* vs V, plot does not represent the total diffusion potential as it is predicted by the
depletion approximation and is close to the effective potential drop in the depletion region in
c-Si. The temperature evolution of V,,, was explained by the influence of the inversion layer at
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the interface that limits the potential drop within the depleted region in (n) c-Si.

The intercept voltages derived from analytically calculated 1/C? vs V, curves for AE,=0.4
eV were found to be close to the potential drop in the depleted region in c-Si when the strong
inversion layer is considered. The temperature dependency of V,, as in the case of the
experimental results, was more pronounced than that of the total diffusion potential. This
intercept voltage was found to be close to V, only at low temperatures where the strong
inversion layer does not exist. On the contrary, when no inversion is considered in
calculations in the calculations V,, is close to V.

The dependency on the applied reverse bias voltage of V,, was demonstrated. Under large
reverse voltages the derived intercept voltage approaches the total diffusion potential value.
For large values of applied reverse voltage the influence of the inversion layer diminishes
gradually until the part of the potential drop that lies within this layer becomes negligible in
comparison with the total potential drop in the depletion region of c-Si under reverse bias.

The obtained results showed that the C-V measurements cannot be a reliable tool to
determine V, and consequently AEy. For large band offset values, where the presence of the
inversion layer at the interface should be considered, the obtained V,, values are highly
underestimated in comparison with the predicted V.

4.4 Influence of the buffer (i) a-Si:H layer and interface
defects on C-T dependencies

In this Section we will briefly address the possible influence of the intrinsic (1) a-Si:H
layer and the interface defects on the capacitance-temperature behavior.

4.4.1 Buffer (i) a-Si:H layer and its influence on C-T curves

In high efficiency silicon solar cells it is essential to include additional, very thin (less
than 10 nm thick) undoped — so called intrinsic — a-Si:H buffer layers between the wafer and
the doped (emitter or BSF) a-Si:H layers. The reason is the reducing of the interface defect

density at the a-Si:H/c-Si junction since the defect density in undoped a-Si:H is strongly
decreased.

Although the experimentally studied (p) a-Si:H/(n) c-Si heterojunctions included (i) a-
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Si:H buffer layer, in the numerical modeling performed in Section 4.2 and calculations in
Section 4.3 we did not consider any additional layer between (p) a-Si:H and (n) c-Si. In order
to justify this simplification here we present the numerically obtained C-T curves fn the
structure defined at the beginning of Section 4.2.1 but with 5 nm (i) a-Si:H layer. The
thickness of (p) a-Si:H layer was reduced to 75 nm in order to keep the geometric capacitance
(C/A = e/(dP*5H+dV*51)) at the same level as it was taken in the previous section for the (p)
a-Si:H thickness equal to 80 nm. The constant DOS was introduced in the (i) a-Si:H layer
with typical value for undoped a-Si:H of N = 1x10' cm”eV"'. No doping was introduced and
the position of the Fermi level was found at 0.7 eV from the conduction band edge. The
calculated C-T curve at f= 12800 Hz together with the one obtained without (1) a-Si:H layer is
shown in Fig.4.43.

T T T T T T T T T T T T T
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' —s—with (i) a-SiH ng2s9
& — with (i) a-Si . .lll“o’o
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Fig.4.43. Calculated capacitance-temperature curves at f = 12800 Hz (u, = 1 cm*V's” and o,
= 7x107"° cn?’) for the structures with and without (i) a-Si:H buffer layer at the interface.

As one can observe the (i) a-Si:H layer brings insignificant change to the low temperature
capacitance step, therefore its influence on the capture-release processes in a-Si:H is
negligible. The behavior of the high temperature step is more influenced by the introduction
of the (i) a-Si:H layer. The slight shift of this step is due to the modifications of the potential
distribution at the interface caused by the introduction of the (i) a-Si:H layer. Namely, the
valence band offset values is reduced to the value AE,=0.4 eV (previously, AE,=0.47 eV).
Although, the (i) a-Si:H layer contributes to the position of the high temperature step
attributed to the response of the holes in the strong inversion layer, the activation energy of
this step was found again to be close to the position of the Fermi level in a-Si:H at the
interface. This value of the activation energy again confirms the origin of the step provided
above. Thus the (i) a-Si:H layer does not modify significantly the characteristics of the C-T
curves observed previously on the structures modeled without the buffer layer. We may
conclude that the (i) a-Si:H layer, though bringing slight changes to the band diagram at the
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interface of the heterojunction, can be omitted in the calculations of capacitance-temperature
signal.

4.4.2 Influence of interface defects on capacitance-temperature
behavior

As it was mentioned at the beginning of Section 4.2.1 low interface defect density, that
characterizes high efficiency silicon heterojunction solar cells, had no influence on the
capacitance of (n) a-Si:H/(p) c-Si heterojunctions. Here we present the numerically obtained
C-T curve for the previously considered (p) a-Si:H/(n) c-Si heterojunction with the interface
defects considered. The introduction of the interface defect was performed in the same way as
described in Ref.[46]. The interface was described by introducing an interface layer with a
thickness of 1 nm between c-Si and a-Si:H and E, = 1.12 eV. The defect distribution in this
interface layer was assumed to be Gaussian, with donor-like defects located at 0.56 eV above
the valence band maximum. In the following D;, (in cm™) will denote the interface defect
density, which is determined as the product d;,*Ni, where d,, is the thickness of the interface
layer (1 nm) and N; (in cm™) is the defect density in this layer, which is the integral over the
band gap of the Gaussian interface DOS, g; (in cm>eV"'). Capture cross sections for both
types of carriers were taken equal to 10'° cm?® for these interface states. For high quality
silicon heterojunction solar cells it was shown that the interface defect density does not
exceed 10" cm™ and lies within 1-4x10" c¢cm™? range [47]. In our simulation we introduced D;,
= 2.25x10" cm™. The calculated C-T curves with and without interface defects are presented
in Fig.4.44.

T T T T T T T T T T T T T
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Fig.4.44. Calculated capacitance-temperature curves at f = 12800 Hz for the structures
without and with interface defects with D;, = 2.25x10" cm™.
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One can see that introduction of the interface defect with D;, = 2.25x10" ¢cm™ does not
bring any change to the C-T curve. The interface defect density is low enough so that no
possible exchange of holes between interface states can be perceived.

We conclude that interface defects with densities typical for high quality silicon
heterojunction solar cells do not influence the capacitance-temperature behavior and thus they
can be neglected in calculations.
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S Conclusions and perspectives

During last years the development of renewable energy sources and, namely,
photovoltaics is increasing dramatically and the conversion results keep on improving. Solar
cells based on a-Si:H/c-Si heterojunctions have reached the efficiency of 24.7% on large scale
samples and benefit from low-cost technology due low temperature processing. However
there are still a lot of uncertainties on their electronic properties, especially at the interface,
that are crucial for understanding the functioning of the cell and promoting further
improvement of their performance.

The objective of the present work was to study the possibilities and limitations of
capacitance spectroscopy on hydrogenated amorphous silicon Schottky diodes and a-Si:H/c-Si
heterojunctions.

In Chapter 1 we provided a description of hydrogenated amorphous silicon including its
properties and PECVD growth technique. Our particular interest was addressed to the defects
and the density of states in the band gap of the material. A brief review of the application of a-
Si:H in photovoltaics was presented.

The capacitance technique is widely used for the characterization of p-n junctions and
Schottky barriers. The principles of this technique were provided in Chapter 2. The depletion
approximation was recalled since it plays a very important role in the description of a junction
and may be a reason of erroneous interpretations of the capacitance measurements. The C-V
technique is suggested to obtain the doping density and the barrier height of a junction.
However, it was shown that there exists a lot of discussion on the accuracy of the derivation
of these parameters.

The admittance spectroscopy and DLTS measurements were described considering their
application for extracting the density of states in the band gap of a semiconductor. Our interest
was concentrated on the simplified treatment suggested by Cohen and Lang that allows one to
extract the density of states at the Fermi level in a-Si:H Schottky diodes from capacitance-
temperature data obtained at different frequencies. Up to our knowledge no critical
assessment of this treatment has been carried out. In Chapter 3 we focused on the study of the
reliability and validity of this approach applied to a-Si:H Schottky barriers with different
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magnitudes and shapes of the DOS. Several structures representing n-type and undoped
hydrogenated amorphous silicon Schottky diodes were modeled with the help of numerical
software (AFORS-HET and Silvaco Atlas) and capacitance-temperature dependencies were
obtained. Using the simplified treatment the density of states at the Fermi level, N(E), the

activation energy, E , and the attempt-to-escape frequency, v were derived and then
a n,

compared to values that were introduced into the calculations. It was demonstrated that the
accuracy and reliability of the extracted DOS parameters strongly depend on the position of
the Fermi level and DOS shape. It was shown that for the case of n-type a-Si:H with the
position of the Fermi level rather close to the conduction band edege, Ec-Er = 0.2 €V, and a
constant DOS distribution the treatment works well yielding values of the DOS at the Fermi
level and the attempt-to-escape frequency very close to that introduced into the calculations.
For the case of undoped a-Si:H with Ec-Er = 0.7 eV and constant DOS the determination of
N(EF ) is less accurate and provides underestimated values although yielding a correct order of
magnitude. Exponential band tail and Gaussian distributions of DOS as well yielded less
accurate values of N(Ep). Another parameter derived from the treatment is the attempt-to-

escape frequency. We have shown that this parameter was considerably overestimated for
almost all cases studied. The reliability of the studied treatment is linked to the
approximations used to obtain the explicit expression of the capacitance in amorphous
semiconductors that is the basis of the proposed treatment, namely the sharp cut-off
approximation and the low-temperature limit.

In the second part of Chapter 3 numerical calculations were carried out to reproduce
experimental capacitance data. An attempt to fit the experimental results only with the
information (N(Er ), Ec-EF , v,) extracted from the treatment and assuming a constant DOS
distribution was addressed. The calculated C-T curves showed reasonable behaviour
compared to the experimental oness but were mainly shifted to higher temperatures. After
some adjustments performed on the parameters of the DOS a satisfactory reproduction of the
experiment was obtained. In order to have a better insight into the DOS distribution data
obtained from MPC and CPM techniques were introduced in modeling to calculate C-T
dependencies. With only slight corrections of parameters describing the DOS distributions a
very good reproduction of experimental capacitance data was obtained. It was thus shown that
the DOS distribution deduced with the help of numerical simulations from photocurrent
techniques (performed on samples with coplanar electrodes) not only provided good
reproduction of the latter but were also able to reproduce Schottky barrier capacitance
measurements performed separately on co-deposited samples. The possibilities of the
simplified treatment was also analysed in the framework of a comparison of the DOS at the
Fermi level in pm-Si:H and a-Si:H. After adjusting of the parameters (N(Er ), Ec-Er , v,)
obtained from the treatment of the experimental data considering the corrections observed for
the studied case of undoped a-Si:H a constant DOS was introduced into the simulation for
both disordered materials. Again, a correct reproduction of the experimental data was
achieved.
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Thus the simplified treatment of the capacitance data together with numerical modeling
provides a valuable tool to assess some important parameters of a material with some
adjustments to be considered depending, namely, on the position of the Fermi level in a
studied structure. However, the charge transport phenomenon can limit the response of the
gap states making the treatment not applicable since the onset of the capacitance is defined by
the onset of transport. This issue should be considered when treating the C-T data. We showed
that for typical values of the electron capture cross section and the electron mobility the
transport does not limit the capture-emission processes and the onset of the capacitance signal
is related to the response of the defects in the band gap.

Chapter 4 was devoted to the study of capacitance spectroscopy when applied to a-
Si:H/c-Si heterojunctions. This chapter was divided in two main parts. The first part was
dedicated to the low-temperature step in C-T dependencies. Numerical modeling of (p) a-
Si:H/(n) c-Si heterojunctions was performed with particular attention on the amorphous layer
parameters. Two capacitance steps were observed on C-T dependencies for typical values of
the hole mobility and hole capture cross section in a-Si:H. The two activation energies of the
capacitance steps have been attributed to different processes. The low temperature step is
characterized by an activation energy that corresponds to the difference between the Fermi
level and the top of the valence band in the bulk of a-Si:H, and was attributed to transport and
response of gap states in a-Si:H. The high temperature step has an activation energy
corresponding to the difference between the Fermi level and the top of the valence band in a-
Si:H at the interface. It was concluded that it is related to the response of free holes in the
strong inversion layer of c-Si at the interface. At low values of the valence band offset, at
which the inversion layer in c-Si is very weak or absent, the latter step disappears and only the
former capacitance step remains, with an activation energy equal to the difference between the
Fermi level and the top of the valence band in the bulk of a-Si:H. Experimental C-T curves
obtained on two different solar cell samples (fabricated at two different institutes) were then
presented. On one sample a low temperature capacitance step can be seen on the C-T curves.
According to the previous modeling, the corresponding activation energy of 0.29 eV could be
attributed to the difference between the Fermi level and the top of the valence band in the bulk
of a-Si:H. On another sample, a very high efficiency solar cell (N>21%) fabricated at INES-
CEA, the low temperature step in experimental C-T curves is less marked and has a much
lower activation energy (of the order of 0.08 eV), which can hardly be attributed to the
difference between the Fermi level and the top of the valence band either in the bulk of a-Si:H
or at the interface. It is suggested that hopping and tunneling processes are involved in the
transport in a-Si:H and at the interface, respectively, that result in much lower activation
energies as obtained from the modeling where such processes are not taken into account.
Apart from the capacitance step features that are anyway very weak in real solar cells owing
to the very thin a-Si:H layer, we emphasized a well defined continuous increase of
capacitance with temperature that is independent of frequency, thus traducing a quasi static
behaviour.
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In the second part of Chapter 4 we studied the quasi static temperature dependence of the
junction capacitance. We developed the complete analytical calculation of the junction
capacitance that takes into account the existence of a strongly inverted surface layer at the c-
Si surface. This analytical calculation was compared with the depletion approximation and
experimental results. We showed that the classical depletion approximation fails to provide
acceptable reproduction of the experimental data obtained for (p) a-Si:H/(n) c-Si
heterojunction solar cells. Due to the existence of the strong inversion layer the potential drop
in the depleted region in crystalline silicon is smaller than assumed in the traditional depletion
approximation. On the contrary, the experimental data can be very well reproduced by the
complete analytical model taking account of the contribution of the strong inversion layer and
with a valence band offset value of 0.4 eV that provides such a strong inversion layer in the
whole explored temperature range.

Finally, the detailed assessment of the C-V technique for band offsets determination was

carried out. The analytically calculated 1/C? vs V curves for (p) a-Si:H/(n) c-Si with AE,=0.4
eV were compared with the experimental ones at various temperatures. It was demonstrated
that experimental data are very well reproduced by our complete analytical calculation. Both
analytical and experimental data showed different behaviour from that predicted by the
depletion approximation, according to which the total diffusion potential equals to the

intercept of the linear extrapolation of 1/C? with the voltage axis, V, . The results were

explained by the influence of the strong inversion layer at the interface that limits the potential
drop in the depleted region of the space charge layer in (n) c-Si to a lower value than
calculated in the depletion approximation. The obtained results proved that the C-V
measurements should be considered carefully if one wants to determine the band offsets
values. For large band offset values, where the influence of the strong inversion layer at the
interface is important, the obtained V, ~values are much smaller than V , thus yielding to

underestimated valence band offset values.

In this work we showed the possibilities of capacitance measurements on a-Si:H Schottky
diodes and a-Si:H/c-Si heterojunctions. The determination of the density of states in a-Si:H is
crucial for characterization and improvement of solar cells. Further study could target the
introduction dangling bonds defects into simulation as two monovalent defect distributions
with certain correlation energy. The influence of this DOS distribution on the simplified
treatment should be studied and, again, the assessment of the reliably should be addressed.

Application of capacitance spectroscopy of a-Si:H/c-Si heterojunctions can be extended
in several directions. One of the subjects to be addressed is a metal/a-Si:H contact on the top
of a cell. ITO, typically used to form a top contact, may form a Schottky barrier at the a-Si:H
interface thus preventing the collection of photogenerated carriers. The behavior of this
contact under small signal conditions can be studied by the means of capacitance
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spectroscopy in order to provide knowledge on the charge carriers and transport mechanisms.

Important part of this work was dedicated to highlighting the existence of the inversion
layer in c-Si near the interface. For the first time the presence of the inversion at certain
values of the band offset was proved by the complete analytical calculation of the capacitance.
Some improvements could be brought to this calculation in order to better reproduce a real
solar cell. The influence of a finite a-Si:H layer thickness and the (i) a-Si:H layer could be
studied with some modification introduced into the calculation.

In perspective one may consider the application of the analysis of the capacitance based
on the complete analytical calculation to solar cells formed on CdS/CIGS heterojunctions. It
was reported that a strong inversion layer that may exist at CdS/CIGS interface [1]. This
heterojunction is characterized by a similar band diagram to that of a (n) a-Si:H/(p) c-Si
heterojunction with a considerable conduction band offset which value is yet controversial
[2]. Modifying the complete analytical calculation for the case of a n-p heterojunction and
combining with experimental capacitance measurements one can obtain essential information
on the influence of the inversion layer as well as determine a range of possible values of the
conduction band offset.
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Appendix A

Simulation software

A.1  AFORS-HET

The free software AFORS-HET (Automat FOR Simulation of HETero structures) is
developed in Helmholtz-Zentrum Berlin fiir Materialien und Energie HZB. This software is
conceived as a tool to model heterojunction structures in 1D [1], [2], particularly a-Si :H/c-Si
heterojunctions.

A heterojunction is defined as a stack of different semiconductor layers; each of them is
described by various parameters. The interface of AFORS-HET is intuitive and allows one to
describe easily a desired structure for simulation as it is seen in Fig.A.1.
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Fig.A.1. Interface of AFORS-HET software. Different parameters defining a material can be
input (fields the left). The density of states in the band gap is also shown (on the right).

The electronic properties of a material can be defined for each layer (electron affinities,
band gap, doping densities, mobilities, etc.), as well as the density of states in the band gap.
The introduction of interfacial defects is also possible.

Once a desired structure is created the software solves the system of basic equations at
thermodynamic equilibrium. Then it is possible to model the functioning of a structure under
polarization (DC or AC) and/or illumination (monochromatic or polychromatic). Thus
AFORS-HET offers a possibility to simulate various characterization techniques as function
of temperature (current-voltage I(V), capacitance-voltage C(V), quantum efficiency,
photoluminescence and electroluminescence, etc.).
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1.2 ATLAS by Silvaco

ATLAS is a part of software package of the American company « Silvaco International ».
This company provides for simulation software by finite elements.

ATLAS is a 2D and 3D simulator of semiconductor devices that allows one to obtain their
electrical characteristics. A desired structure is created by a command file that contains
commands describing a material. The environment of this software is somewhat less friendly
and that of AFORS-HET and requires certain knowledge of the programming.

The main advantages of ATLAS software is the possibility to run simulations in 2D or
3D. Moreover, it is possible to introduce temperature dependencies of various parameters
(doping, bandgap, etc.) that are fixed in AFORS-HET.

Detailed description of ATLAS software can be found in the thesis of Djicknoum Diouf,
former PhD student of LGEP [3].
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Description of the main modeled structures

B.1  a-Si:H Schottky diode

Parameter Value Unit
Thickness 300 nm
Band gap 1.75 eV
Dielectric constant 11.8
Electron affinity 3.85 eV
Nc 2x10% cm™
Ny 2x10% cm™
Electron mobility u, 10 cm?V's™!
Hole mobility u, 1 cm?*V'is!
B.1.1 Constant DOS
B.1.1.a n-type a-Si:H: E—E=0.2 eV, N(Er)=1x10"cm™eV™"!
(Ec-Eg) at 100 K 0.2 eV
Constant DOS
Effective capture cross section
Electrons o, 1x10™"7 cm’
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Holes o, 1x10°" cm’
N(E) acceptor 1.14x10' cm~eV™!
N(E) donor 8.86x10'"® cm eV
B.1.1.b n-type a-Si:H: E~E;=0.2 eV, N(Er)=1x10"cmeV~!
(Ec-Ep) at 100 K 0.2 eV
Constant DOS
Effective capture cross section
Electrons o, 1x10" cm?
Holes o, 1x10°™" cm?
N(E) acceptor 1.14x10" cmeV™!
N(E) donor 8.86x10" cm eV
B.1.1.c undoped a-Si:H: E—~E;=0.7 eV, N(Er)=1x10"cm™>eV™!
(Ec-EF) at 300 K 0.7 eV
Doping density Np 1,05x10'® cm™
Constant DOS
Effective capture cross section
Electrons o, 1x10™"7 cm?
Holes o, 1x107" cm?
N(E) acceptor 1x10'¢ cm~eV™!

B.1.1.d undoped a-Si:H: E~E=0.7 eV, N(Er)=1x10"cm™eV™"
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(Ec-Eg) at 300 K 0.7 eV
Doping density Np 1,05x10" cm™
Constant DOS

Effective capture cross section

Electrons o, 1x10™"7 cm’
Holes o, 1x10°" cm’
N(E) acceptor 1x10" cmeV™!

B.1.2 Non constant DOS distributions

B.1.2.a Exponential conduction band tail DOS

(Ec-Ep) at 110 K 0.2 eV
Doping density Np (kgTc=0.04) 4x10" cm™
Doping density Np (kg Tc=0.09) 9%10" cm’
Doping density Np (kgTc=0.13) 1.35x10" cm’

Exponential conduction band tail

Type Acceptor

Effective capture cross section

Electrons o, 1x107" cm?
Holes o, 1x10" cm?
ksTc 0.04 eV
0.09 eV
0.13 eV

N(Ec) 4.66x10" cm™ eV

B.1.2.b Gaussian DOS distribution
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(Ec-Eg) at 300 K 0.2 eV
Gaussian 1 deep defect
Doping density Np 9.85x10% cm”
Type Acceptor
Effective capture cross section
Electrons o, 1x107" cm’
Holes o, 1x107" cm’
EunGauss-Ev 0.9 eV
WGauss 0.2 eV
Nonm 2x10* eV
Gaussian 2 deep defect
Doping density Np 9.11x10" cm”
Type Acceptor
Effective capture cross section
Electrons o, 1x107" cm’
Holes o, 1x107" cm’
EunGauss-Ev 1.35 eV
Waauss 0.22 eV
Now 1.5x10" eV

B.2 (p) a-Si:H/ (n) c-Si heterojunction

B.2.1 Study of the capacitance steps
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(n) c-Si substrate
Thickness um
300
Band gap 1.12 eV
Doping density Np 1.2x10'° cm™
Activation energy 0.2 eV
Dielectric constant 11.9
Electron affinity 4.05 eV
Nc 2.8x10" cm™
Ny 1.04x10" cm™
Electron mobility p, 1040 cm*V's!
Hole mobility u, 412 cm*V's!
(p) a-Si emitter
Thickness 80 nm
Band gap 1.75 eV
Doping density N 1.44x10" cm™
(Er-Ev) at 300 K 0.3 eV
Dielectric constant 11.9
Electron affinity 3.9 eV
Nc 1x10% cm™
Ny 1x10% cm™
Electron mobility p, 5 cm*V's!
Hole mobility u, 1 cm*V's!
Constant DOS
Effective capture cross section
Electrons o, 1x10" cm?
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Holes o,

I1x105

cm

N(E) acceptor

1x10"

cmeV™!
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Calculation of the capacitance without considering

minority carriers’ contribution

f*(u, (x)) = expu, (x) —expu, () +expu, (o) (u, (=) — u, (x))

v o) _ |2k
qV, —qV, —k,T(u, () —u,(0)) ,/ N f*u,(0),V,)

After differentiating Eq.(C.2) with the respect to V, one obtains:

B du,(0) 2k, Tn, l N -y, df *(u,(0)) du,(0)
Iy T v, O T e v

with

df *(u,(0)

du(0) =expu,(0) —expu, ()

Thus Eq.(C.3) can be rewritten as follows:

B

du,(0) expu,(0) —expu, () 2kpTn,
kT — s |~ 4
av, 2\ f *(u,0) N(Ey)
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du,(0) _ ¢ !
dv, kT expu,(0)—expu,(e) 2n,
2 f x (ue (0)) kBTN(EF )a—Si:H

1
(C.6)

Taking into account Eq.(C.6) one can obtain for the term dl/dV,

dl  q expu,()—expu,(0) 1 B

&V, kT ) | _expu,(0)—expu, (=) J 2n,

2.1 *(u,(0)) kyTN(E )"

_ 4 expu, () —expu, (0)
kT expu,(0)—expu, (o) 2n,
" T - SRR Jk e
pIN(ER) (C.7)
Capacitance is thus given by
C=qniL‘5$ii
v, (C8)
o4 s expu, (=) = expu, (0) )
kg ° n,
*(u,(0)) —(expu,(0)—expu, (o : .
VS * (1, (0) = (expu, (0) —expu, ( ))\/ZkBTN(EF)“‘S“H
& 1
2L, frwOy J n,
— a—Si:H
expu, () —expu,(0) 2k,TN(E,) ’ (C.9)
where
15— &, T
b 2¢°n,
: (10)

Considering u,(0)-u(0) = g/ksT(V*-V,) and exp[u.(0)-u.()] converging to zero the Eq.(C.9)
can be rewritten:
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C= ngni ! =
2kBT \/eXp[l/te(O)_ue(oo)]_l+ue(oo)_u€(0)+\/ ",

expu, (o)(1 —explu, (0) —u, ()]’ | 2k,TN(E})

2
bl : ——-
B q \/V;‘S"—Va—k37+ k,T N
q g \2k,TN(E,)

2 a7c—Si 1

— & Np _ £
2 c=Si ]
\/VdC—Si Vv - kBV + \/ N, ZE(V;_& v - kB%) 8
1 2QN(EF ) c=Si + 2
gNy, \ 9 N(E;)

_ E

- a-Si:H
wt Ly (C.11)

with

25(\/;-5" v - "B%j

w = -
gN "

(C.12)
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List of symbols and abbreviations

Temperature coefficient

Temperature coefficient of the Fermi level
Temperature coefficient of the valence band
Reverse thermal voltage

Conduction and valence band offset

Dielectric permittivity
Dielectric permittivity of a semiconductor

Vacuum dielectric permittivity

Ideality factor
Attempt-to-escape frequency of electrons

Conductivity
Electron and hole capture cross section

Release time from gap states
Characteristic capture-release time

Dielectric relaxation time
Time constant corresponding to the maximum of DLTS signal
Mean electron and hole lifetimes

Work function

Electron affinity

Angular frequency
Turn-on angular frequency

Area
Electron and hole capture coefficient

Capacitance
Capacitance associated to reponse of the defects
Diffusion capacitance

Capacitance associated to the time response of holes in the strong
inversion layer
Distance between the parallel plates of a capacitor

204



ammﬁ
S

&

cor

o
a

SRR L

o

~~S QQst e
&
™
3

S

< >
“EN
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=~
=

a-Si:H
Ld

c-Si
Ld

me, mh

a-Si:H layer thickness

Neutral, positively and negatively charged dangling bond
Density of interface defects
Electron and hole emission rate

Energy
Activation energy

Correlation energy
Conduction band energy
Dangling bond defect energy
Energy band gap

Fermi energy

Quasi Fermi levels of electrons and holes

Energy position of maximum of a Gaussian distribution
Energy level of trap state

Valence band energy

Vacuum energy level

Frequency
Occupation probability function

Dc and ac parts of the occupation function

Conductance
Electron and hole generation rate

Normalized Planck constant
Complex unit
Diode current

Electron and hole currents at a junction
Short circuit current density

Momentum
Boltzmann’s constant

dc.™'
—=)

treatment of capacitance C: K = C2( 1T

Debye length
Debye length in a-Si:H
Intrinsic Debye length in c-Si

Electron and hole effective mass
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n Electron density

de pac Dc and ac parts of electron density
n, Intrinsic carrier density
n, Density of occupied trap states
n, Equilibrium electron concentration
N Density of states distribution in band gap
N, Shallow-level traps concentration
N, Traps concentration
N " N D Acceptors and donors concentration
Ny Acceptors (for N >Ny ) or donors (for N p<<N, ) concentration
N, NV Effective density of states in the conduction and valence band
Nepp Nopr Density of states in the conduction and valence band tail
Npp Deep defect density of states

N(E), N(Ey) Density of states at the conduction and valence band edge

Ny, Density of states of maximum of a Gaussian distribution

p Hole density

ple, pee Dc and ac parts of hole density

P, Density of unoccupied trap states

Py Equilibrium hole concentration

r Interatomic distance

r, Distance between two electrons

RS Resistance associated to transport in a-Si:H

RS Resistance associated to the time response of the gap states in a-Si:H

R, Resistance associated to hopping

R Resistance associated to the time response of holes in the strong
inversion layer

Rn, Rp Electron and hole recombination rate

R, Resistance associated to tunneling

q Elementary charge

0 Charge

Q. 0 Charge stored in metal and semiconductor of a Schottky junciton

Qn, Qp Charge stored in n- and p-side of a junction

t Time

T Temperature

T, T, Characteristic temperature of the exponential conduction and valence
band tail
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ac
a-Si

a-Si:H
AFORS-HET
Al

AS

BSF

CIGS
CP-AFM
CPM

CRN

c-Si

CVD

CZ

DB

dc

DLTS

DOS

EQE

FzZ

G-R

HF

HIT
HOMOCVD
HWCVD

Turn-on temperature

Depletion width
Width of a Gaussian distribution

AC voltage
Thermal velocity of free carriers

Voltage
Applied voltage

Diffusion potential

Intercept voltage with V_ axis of 1/C? vs V. plot
Open circuit voltage

Thermal potential

Depletion width in n- and p-side of a p-n junction

Cut-off abscissa

Alternating current

Amorphous silicon

Hydrogenated amorphous silicon
Automat for simulation of heterojunctions
Aluminium

Admittance spectroscopy

Back surface field

Copper indium diselenide

Conducting probe atomic force microscopy
Constant photocurrent method
Continuous random network

Crystalline silicon

Chemical vapour deposition

Czochralski

Dangling bond

Direct current

Deep level transient spectroscopy
Density of states

External quantum efficiency

Float zone

Generation-recombination

Hydrofluoric acid

Heterojunction with intrinsic thin layer
Homogeneous chemical vapor deposition
Hot wire chemical vapour deposition
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ITO
LPCVD
pc-Si
uc-Si:H
MIS
MOS
MOSFET
MPC
PECVD
PERL
PHOTOCVD
QSSPC
RF

SHJ

Sn

SSPC
SSPG
TCO

Indium tin oxide

Low-pressure chemical vapour deposition
Microcrystalline silicon

Hydrogenated microcrystalline silicon

Metal - insulator- semiconductor
Metal-oxide-semiconductor
Metal-oxide—semiconductor field-effect transistor
Modulated photocurrent

Plasma-enhanced chemical vapour deposition
Passivated emitter rear locally diffused
Photo-assisted chemical vapor deposition
Quasi-steady-state photo conductance

Radio frequency

Silicon heterojunction

Tin

Steady-state-photoconductivity

Steady-state photocarrier grating

Transparent conductive oxide
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