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Introduction 

INTRODUCTION 

Amorphous silicon was discovered "accidently" in the sixties by Chittik [Chittik 69]. Since 

that time, the two most important steps in the development of amorphous silicon towards an 

attractive thin film material for devices were the hydrogénation (passivation of dangling bonds) 

[LeComber 70] and the successful n-type (phosphine) and p-type (boron) doping [Spear 75]. 

Nowadays, the main application fields of hydrogenated amorphous silicon (a-Si:H) are thin film 

transistors (TFT) and low-cost (compared to crystalline silicon) thin film solar cells. 

In the present work we will concentrate, however, on the application of a-Si:H to p-i-n 

solar cells. To further improve the performances of a-Si:H based solar cells, two approaches 

must be followed up simultaneously. First, each step in the production process of a p-j-n device 

(doped layers, thicknesses, interfaces, etc.) must be carefully optimised in order to minimise the 

related "structural" losses. Secondly, the quality of the photovoltaically active material itself, the 

intrinsic <i> layer in the cell, must be improved. Thereby, the standard way followed by most 

researchers during more than one decade was the careful study of optical and electrical 

properties of a-Si:H in the configuration of thin layers on glass. One of the main scopes was 

thereby the understanding of [he degradation of material properties when exposed to prolonged 

illumination (Staebler-Wronski effect [Staebler 77]). However, the extensive knowledge about 

the physics of a-Si:H gained through this research in the field of material characterisation has, 

so far, not really succeeded in improving a-Si:H-based solar cells. On the contrary, a lack of 

correlation between the characteristics measured on a-Si:H films and the performances of solar 

cells made of these materials persisted [Lechner 89], [Wronski 93], [Schropp 93], 

[Yang 94]. 

It was, thus, the aim of the present thesis is to build a bridge between these two fields of 

research: from the material characterisation of layers on one side to the incorporation of these 

materials into solar cell devices on the other side. In other terms, we wanted to create a suitable 

tool for people working in technology to determine the quality of the a-Si:H material they 

produce. Thereby, this tool must not only allow to predict accurately, on the basis of material 

characterisation on layers, the highest solar cell performances which can be achieved using a 

certain material in a solar cell. In addition, it must also be "easy to use" and have a transparent 

physical meaning. The parameter satisfying these conditions and which will he introduced and 

developed in this work, is the u,°T° product. 

In parallel to these efforts in the domain of a-Si:H towards higher and mainly more stable 

solar cells, a new silicon material appeared in the field of thin film solar cells: hydrogenated 

microcrystalline silicon (u.c-Si:H). This heterogeneous material consists of small 
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crystallites (-200 Â) embedded in a more or less important amorphous matrix. Already 

discovered in 1968 by VepFek et al. [Vepfek 68], |ic-Si:H has not been considered to be of 

interest for thin film solar cells for many years. Only in 1990 Wang and Lucovsky [Wang 90] 

presented the first jic-Si:H-based solar cell. Some years later, the boom of txc-Si:H solar cells 

was initialed by a |ic-Si:H solar cell with a stable efficiency of 3.8% [Flockiger 93]. Since that 

time the efficiency of HC-Si:H cells as well as the interest in this material steadily increased. 

Thereby, the probably most striking property of iic-Si:H accounting for its success is the 

stability against light-soaking and its extended optical absorption to the infrared. 

Nowadays, |ic-Si:H-based solar cells and jic-Si:H I a-Si:H stacked tandem cells work 

very well with efficiencies of 7.7% [Meier 96] and stabilised 10.4%, respectively 

[Keppner 96]. However, only very little is known so far about the physical processes which 

govern the optical and electrical properties of this material. In view of the actuality of this 

subject, we also included the characterisation of px-Si:H to our work. 

Outline of this work 

We separated this works in five parts, where the first two will exclusively deal with a-Si:H 

and its characterisation for solar cell applications. In the third, fourth and fifth section we will 

present first approaches and results in the characterisation of u,c-Si:H. 

First section 

We will introduce all the utilities necessary for the construction of a "correlation tool" for 

solar cells. Thereby, we will first start, yet without going to details, with the parameters which 

govern the collection in a p-i-n solar cell device. We then will pass on to the model for a-Si:H 

and have a look at the transport measurement techniques available for layer characterisation. We 

will select three of them which allow the determination of a mobility-lifetime product: the Time 

of Flight technique (TOF), the steady-state photoconductivity (SSPC) and the steady-state 

photocarrier grating (SSPG). Analysing them we will mainly focus on the exact physical 

meaning of the obtained results and their potential to be used as a relevant parameter to describe 

the performance of a p-i-n solar cell. 

Finally, we will show how the so-called " îT-problem" can be solved. This problem has 

persisted for many years in the community of researchers in a-Si:H and describes the 

contradictory results of mobility-lifetime products obtained by the steady-state measurements 

and by the transient TOF technique. 

Second section 

Based on the arguments brought up in the previous section, we will now concentrate on the 

steady-state techniques SSPC and SSPG. The jit-products deduced from these measurements 

- 2 -
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are a function of the prevailing dangling bond occupation in the film and, thus, are not a 

measure of material quality. We will introduce the product (I0T0, which is independent of 

dangling bond charge and which monitors material quality in terms of band mobility p.° and 

capture time T°, the latter being, in its turn, inversely proportional to dangling bond density. We 

will develop a simple evaluation procedure to deduce Ji°x° from simultaneously performed 

SSPC and SSPG measurements. The validity as weil as the limits of the method will also be 

discussed. 

We will then apply our method first to different series of a-Si:H layers and thereafter to two 

series of undoped a-Si:H layers of variable quality, the latter being modified by changing the 

deposition temperature and by degrading the material. We thereby compare the \l°T° products 

evaluated on these films with the performances of standard p-i-n solar cells which incorporate 

the "same" undoped material as an active, intrinsic <i> layer. 

Third section 

In this section a brief introduction to thin film polycrystalline silicon materials in general 

and to hydrogenated microcrystalline silicon (px-Si:H) produced by the Very High Frequency 

Glow Discharge (VHF-GD) in particular will be given. We will relate the problems which 

prevented the development of u.c-Si:H solar cells over more than two decades and explain the 

main reasons why fic-Si:H material produced by the VHF-GD became nowadays a promising 

candidate for p:c-Si:H thin film solar cell applications. 

Fourth section 

The u.c-Si:H materials prepared by the VHF-GD have been shown to have a remarkably 

high optical absorption which even exceeds that of crystalline silicon over the whole spectral 

range. As such high absorption is rather unusual and strongly favourable for thin film solar cell 

applications we will focus in this section on the optical properties of jic-Si:H in order to 

understand more about the physical processes which determine me absorption behaviour in our 

VHF-GD ux-Si:H material. 

We will measure the optical absorption by the Constant Photocurrent Method (CPM), the 

Photothermal Deflection Spectroscopy (PDS) and by Transmission/Reflection (T/R) 

measurements on different VHF-GD flc-Si:H materials. We will thereby point out that the 

optical absorption is not only enhanced, but that the absorption edge (given by the crystalline 

phase in the material) is also shifted to the infrared by about 0.1 eV. Furthermore, we will 

demonstrate that the very low defect-connected absorption observed in VHF-GD px-Si:H is due 

to an excellent passivation of the grain boundary defects. 

Due to the heterogeneity and to the rough growth surface of jxc-Si:H layers scattering effect 

will have to be taken into consideration as they can enhance the measured apparent absorption 

and, thus, mask the "true" optical absorption given by the |ic-Si:H material properties (band 
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structure, bandgap etc.). To determine the scattering coefficient in our VHF-GD u\c-Si:H 

material we will develop and apply different experimental techniques which will allow us to 

show that scattering in u,c-Si:H is indeed clearly enhanced compared to a-Si:H and that both, 

bulk and surface scattering can be present. 

Different possible explanations for the observed enhanced optical absorption in the region 

of visible light and the red-shifted absorption edge will be given and discussed. However, some 

open questions will remain here. 

Fifth section 

In the last section of this thesis work we will approach the problem of the electrical 
transport in nc-Si:H. On one side, the excellent carrier collection even in several micron thick 

solar cells proofs that the carrier transport in u.c-Si:H is good, on die other side a more precise 

concept of the electrical transport in fic-Si:H is still lacking. 

We will study the electrical transport in uc-Si:H in the dark, starting with dark conductivity 

measurements which will serve as a monitor of the impurity contamination in our u,c-Si:H 

materials. For the first time we will then apply the Time of Flight (TOF) technique to ux-Si:H 

layers and cells; this technique allows the measurement of electron and hole transport 

individually in the direction parallel to growth. First results obtained by TOF show a 

concentration of the electric field in a p;c-Si:H pin cell to a small region around the grain 

boundaries only. Furthermore, we will determine the drift mobilities and mobility-lifetime 

products of electrons and holes and the "gap" of p:c-Si:H will be "scanned" for deep traps by 

the posttransient TOF technique, 

- 4 -



1. Transport measurement techniques for a-Si:H 

1. TRANSPORT MEASUREMENT TECHNIQUES FOR a-Si:H 

A short introduction to the operation of a p-i-n solar cell and to model used to describe 

a-Si:H material will be given. Then we will present an analysis of three selected transport 

measurement techniques used in this work: the Time of Flight technique, the steady-state 

photoconductivity and the steady-state photocarrier grating. Finally, we will use our reflections 

about these measurement techniques to outline a solution of the so-called "jrc-problem" 

(discrepancy between the [IT products deduced from transient and steady-state transport 

measurements). 

1.1. Relevant transport parameters for p-i-n solar cells 

The structure of a p-i-n solarceli is schematically drawn in fig. 1.1: the thin n- and p-type 

doped layers on both sides of the cell build up the internal field in the cell and act as collecting 

contacts, whereas the thick, undoped i-Iayer has the task to absorb the sunlight. Thereby the 

denomination p-i-n also represents the sequence of the layer deposition, here starting with the 

p-layer. As a p-i-n cell is illuminated through the glass, the front-contact is formed by a 

transparent conductive oxide (TCO) layer whereas the back contact is made of TCO (zinc oxide 

or ITO) plus silver in order to reflect back to the cell the fraction of sunlight not absorbed. The 

TCO contact is textured to improve the light scattering within the solar cell. 

The basic operation mechanism of such a p-i-n cell is the following: if a photon from 

sunlight is absorbed in the intrinsic layer, a free electron and a free hole are created. They are 

separated by the internal field and travel to the n-side and p-side respectively, where they are 

collected by the doped layers and give rise to a current in the external circuit. The "motor" for 

the carrier transport is the electric field which ideally extends through the whole intrinsic layer 

and which transports the photogenerated electrons and holes by drift in opposite directions 

towards the collecting contacts. 

For a good performance of such p-i-n device, different requirements must be fulfilled by 

the semiconducting material or by a-Si:H in particular. On one side, optical properties of the 

material must correspond to the application, e.g. the yield of the solar spectrum must be 

maximised. However, this optical part of the problem will not be addressed in this work. We 

will rather concentrate ourselves on the processes which take place after the generation of 

carriers by light, namely the transport of these carriers by drift (or to a much lesser extent by 

diffusion) through the thick intrinsic layer and their possible loss by recombination. The 

corresponding parameters which are involved are the mobility p. (representing the speed of an 

electron or hole in a given electric field) and the recombination time T (representing the time 

- 5 -
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during which a free carrier is "travelling" before being lost by recombination). A precise 

definition of these quantities and related parameters will be given in chapter 1.3 to 1.5. 

TCO metal 
i _ i 

Fig. 1.1. Sketch of the structure of an a-Si:H p-i-n solar cell. The bottom part of the figure 

shows the ideal band diagram of such a device. 

It is today still problematic to measure experimentally characteristic mobilities and times 

individually. Experimentally, it is more convenient to access the product of p. and T, the 

fix product, which describes the "transport & loss" mechanism without resolving between the 

two contributions "transport" and "loss". A simple picture of the physical meaning of the 

\ii product is the following (fig. 1.2): for a given electric field E, the jrt product represents the 

distance which is covered by an electron or hole before being lost by recombination. This 

distance d is called "Schubweg" and is given by: 

d=\lX-E. (1.1) 

Coming back to the operation of a p-i-n solar cell, this characteristic distance can directly be 

related to the maximal possible thickness of the i-layer (taking into account the built-in potential 

- 6 -
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in the cell) which still allows an accurate collection of the photogenerated carriers. Therefore, it 

is known also as a "collection length". 

Even though conceptually simple, the measurement and interpretation of (it products in 

practice is more complicated, as it will be shown in the following (ch. 1.4. 1.5, 1.6). 

conduction band 

valence band 

Fig. 1.2. Schematical picture illustrating the physical meaning of fil products: photogenerated 

carriers drift over a distance d (for a given electric field E) before they are lost by 

recombination with a carrier of opposite sign. 

1.2. The standard model of density of states (DOS) for a-Si:H 

One characteristic of amorphous silicon is the continues density of states in the "gap". This 

is in sharp contrast with crystalline silicon (c-Si), where the gap is populated only by a certain 

number of more or less discrete states due to defects and impurities. As drawn in figure 1.3 

there are three main types of gap states which are generally considered in the model of a-Si:H: 

the conduction and valance bandtails, the dangling bonds and acceptor and/or donor states. 

It has been shown by several authors (i.e. (Anderson 58], [Mott 79]), that one 

consequence of the disorder in amorphous material are the presence of localised states in the 

gap, which give rise to bandtail states extending into the gap from the conduction and 

valence band edge. In the same context, Ihe concept of the mobility edge [Mott 79] was 

introduced: it separates localised states in the mobility gap with (i = 0 (at T = 0 K) from 

non-localised states in the bands (\i * 0). 

Another consequence of the disorder in a material like a-Si:H, are silicon-silicon covalent 

bonds which are distorted or even broken. These broken bonds create additional states in the 

- 7 -
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gaps, the dangling bond states. Even though most of these dangling bonds can be 

passivatcd by hydrogen, the remaining ones act as efficient recombination centres, as it will be 

extensively discussed in the following. Dangling bonds can either be empty (positively charged 

D+), occupied by one electron (neutral D0J or by two electrons of opposite spin (negatively 

charged D ) . The necessary energy to populate a singly occupied dangling bond by a second 

electron of opposite spin is called correlation energy U. 

Finally, a-Si:H can be doped, introducing additional donor and acceptor states near 

the conduction band and valence band respectively. 

Fig. 1.3. a-Si:H is characterised by an important density of states in the gap. The three main 

h'nflp stf Ft/itp c ufhtrh nre r/inviflprpfj in the n\r*A/yì nf/I..ÇJ'" W nr/> hnnfitnil vtnttw Anywiinn types of states which are considered in the model ofa-Si:H are bandtail states, dangling 

bonds and eventual acceptor or donor levels. 

1.3. Transport model for a-Si:H 

1.3.1. The basic transport equations 

The free carrier transport in a-Si:H can be described by the five basic transport equations: 

the Poisson equation, two equations for the electron and hole current densities and the two 

continuity equations: 

dE(x) _ e 

dx £ 
= -^.(P1(X)-^(X) + QJx)) 

I n ndnAx) 
- • jJx)=n°nnf(x)E(x) + D°n-i— 
e J dx 

-•jp(x)=^pPf(x)E(x)-D\ 
fidP/(x) 

" dx 

(1.2) 

(1.3) 

(1.4) 
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0 = G„(x)-RJx)-f--~jn(x) (1.5) 
e ax 

I d_. 
e dx' 

0 = Gp(x) - Rp(x) - - - —jp(x) ( 1.6) 

The Poisson equation (1.2) relates the derivative of the electric Field to the total local 

charge, the latter being constituted by the free carriers ntfx) and prfx) on one side and by 

localised charges on the other side. The total localised charge QiocOO, generally dominant in 

a-Si:H, is composed of trapped carriers, charged dangling bonds and eventual ionised dopants. 

The two equations (1.3) (for electrons) and (1.4) (for holes) express the current densities, 

combining the contributions of the two driving forces of transport, drift and diffusion. 

Thereby, \in° and Mp0 are the band mobilities of electrons and holes and Dn and Dp are the 

diffusion constants given by Einstein relation: 

e e 

The continuity equations (1.5) and (1.6) explicit the conservation of charge in the material. 

G(x) represents thereby all generation processes of free carriers (absorption of light, thermal 

emission from localised states) whereas R(x) is the recombination term, taking into account all 

possible loss mechanisms of free carriers (trapping and recombination). 

1.3.2. a-Si:H in thermal equilibrium 

In thermal equilibrium where no carriers are photogenerated nor injected, the continuity 

equations (1.5) and (1.6) reduce to R(x) = G(x), and the generation term is due to thermal 

emissions from localised states only. The possible transitions in thermal equilibrium are shown 

in fig. 1.4. 

To evaluate the occupation function of me dangling bonds in thermal equilibrium we apply 

the principle of detailed balance where each dangling bond state is in equilibrium with the band 

states: rcn
+ = rerl

0, rcn° = ren-, rcp° = rep
+, rcp- = rcp°. As a result one obtains [Vaillant 86]: 

exp\(ED -EF)/kT] 
f*= , CLU' Ul—J _ ( U ] 
" 2 + exp[(ED - EF)/kT\ + exf{{EF -ED- V)JkT] 

f-= exp\{EF-ED-U)lkT\ 
Ja 2 + exp[{ED - EF)/kT] + exp[{EF -ED- U)JkT] 

2 
h = 2 + exp[{ED - EF)jkT] + exp[(EF - ED - V)JkT] ° 1 0 ) 

where the subscript o denominates thermal equilibrium values. The variation of f0°, f0
+ and 

f„- with the Fermi level position Ep according to these expressions is represented in fig. 1.5. 

- 9 -
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en 

0 
cp 

O 0 
rcn rc n 

D+/D° 

+ 
rep rcp 

• I • 

: I : 
l'en Cbt 

:D°/D" 
i 

'• o 

:r,p Vbt 

'• I i , I ; 

CB 

VB 

Fig. 1.4. Allowed transitions in thermal equilibrium between localised states and conduction-

ana valence bands respectively. The transitions from the valence bandtail (Vbt) to the 

conduction band (CB) and from the conduction bandtail (Cbt) to the valence band (VB) 

are not shown here, as they have small probabilities to occur. Full arrows represent 

trapping of free carriers on localised states, dashed arrows the thermal emissions from the 

latter, lite energetical distribution of the localised states is replaced in this representation 

for the sake of simplicity, by discrete levels. 

\ VU 
I !_ ._ 

0.8 

0.6 -

0.4 

0.2 

i ' 

Ev 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 E c 

Fermi level position [eV] 

Fig. 7.5. Calculated dangling bond occupations as a function of the Fermi level position. For 

the evaluation, the dangling bonds were assumed to be discrete levels at energy positions 

F-D+ZDv = 0.8 eV and EQO/D- = 1-1 tV (U - 0.3 eV) above the valence band edge. 
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1.3.3. a-Si:H under moderate steady-state illumination 

If the a-Si:H is continuously illuminated, the material reaches a new steady-state 

equilibrium and the photogeneration adds a generation term in the continuity equations (1.5) and 

(1.6). Furthermore, the Fermi level Ep splits in two quasi-Fermi levels Epn and Epp. These 

levels were introduced to describe the free carrier density under illumination in analogy to the 

thermal equilibrium: 

nf = Nc exp\ -
{Ec-EFn) 

kT 

pf = Nv exp K-^) 
kT 

(1.11) 

(1.12) 

When free carrier recombination through bandtails is neglected, these quasi-Fermi levels 

become identical with the demarcation levels E1n and E|P introduced by Taylor and Simmons 

[Taylor 1972]. The latter are defined as being the energy levels where recombination (to these 

levels) and thermal emission (from these levels) are equally probable; E[n and Etp thus separate 

the trap states from deep states which act as recombination centres. The transitions between 

extended and localised states under illumination are represented in fig. 1.6. 

CB 

VR 

M 
i • 
C b t ^ 

Vbt 
| ! 
I i 

D+/D° 

t 

U V 

, 

GL 

Fig. 1.6. Model of the transitions in a-Si:H in steady-state equilibrium where the 

photogeneration (GjJ becomes the dominant creation mechanism of free carriers. The 

quasi-Fermi level thereby separates shallow trap states from recombination centres: the 

conduction bandtail states (Cbt) and valence bandtail states (Vbt) act as traps, the dangling 

bonds are mainly recombination centres. The localised states are represented again as 

discrete energy levels. 

For our further analysis, we will consider a-Si:H material under steady-state illumination 

which is high enough (but not too high) for that thermal emissions from dangling bonds and 

recombination by bandtail states can be neglected (see fig. 1.6). This means that almost all 
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dangling bonds arc comprised within the two quasi-Fermi levels Epn and Epp. In this domain, 

the model of monomolecular recombination through dangling bonds ([Vaillant 86], 

[Hubin 92]) is a valid approximation. In this model free carriers only recombine through the 

dangling bond states and the corresponding characteristic recombination times Tn
R and xp

R then 

simply become: 

K I 

T* = I n 141 

' -AaIf + VAc;/-
where f+, f- and f0 are the dangling bond occupation functions under illumination. 

Consequently, the charge state of dangling bonds will be governed exclusively by the 

recombination kinetics of electrons and holes. This fact is directly reflected in the occupation 

functions of the dangling bonds which depend on the free carrier densities nr and pr only 

([Vaillant 86], [Hubin 92]): 

r MWO fI15) 
(pihil*J*)+i+(*ilPil<l<i 

r (»siPiKK) (M6) 

(pfhMlO^^rlp,)^!^) 

f° = i (1 17) 
(pj/»f){

ff:/<)+J+(nf/Pf)(</°;) 

1.4. The Time of Flight technique 

1.4.1 The Time of Flight experiment 

The transient Time of Flight (TOF) technique was introduced for a-Si:H by Spear 

[Spear 69], It monitors the transit of a package of excess carriers though the film in direction of 

growth (sandwich configuration) and allows the separate determination of the mobility-lifetime 

products of electrons and holes. Thereby, the type of carrier to be measured can be selected 

simply by changing the polarity of the applied voltage. 
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signal delay 
(by optical Tiber) 

Front contact 
(semitransparent, Back contact 
Schotlky) 

3 ns, 

• Nitrogen pumped dye laseri 
|470nm-650nm 

Im pu U 
generator 

Shutter 

fast de lector H 

Oscilloscope 

Computer 

Fig. 1.7. Set-up of the Time-of-Flight experiment. The shunt resistor Rsh is chosen 50 ß for 

the measurements in current mode. The light pulse is delayed by a 200 m long optical 

fibre in order to get rid of the electrical noise from pulse generation. For details refer to 

IWyrsch 92}. 

The principle of the measurement is the following (see fig. 1.7): a "sheet" of charges Q0 

(electrons & holes) is created at time 0, by a strongly absorbed and extremely short (3 ns) light 

pulse, close to the surface of the sample. By the effect of an external applied field, the charges 

are separated: one type of carrier is immediately collected by the nearby top contact whereas the 

carrier with opposite sign travels across the sample thickness, giving rise to a displacement 

current in me external circuit. When this carrier package reaches die opposite back contact, the 

carriers are extracted and the observed current drops down. The time needed by the carriers to 

cross the sample is called transit time (tf) and allows the determination of the drift mobility u,p. 

The latter is given by {where d is the sample thickness): 

d 
(1.18) 

and reflects the drift velocity v of die photogenerated carrier package in a given electric 

field E (v = U.D-E), including shallow trapping events (see also fig. 1.8). 

By integration of the current transient, one obtains the total collected charge and diereby an 

information about the carrier losses during transit. Increasing the applied voltage the transit time 

Ij becomes shorter and the probability for free carriers to fall into deep traps is reduced. The 

collected charge will, thus, increase wiüi the applied voltage and finally reach a saturation value 

Qo given die total photogenerated charge. The shape of this collection curve, described by 

Hecht's formula [Hecht 32], depends on die carrier mobility-lifetime 

- 13-
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1. Transport measurement techniques fora-Si:H 

product [iT (assumed to be constant during transit): 

a 
l-exp\-

litE 
(1.19) 

To deduce the Lit product for electrons and holes the carrier collection curves are measured 

individually and subsequently Fitted by equation 1.19. 

A more complete expression, taking into account a (constant) internal electrical field (in 

p-i-n cells or close to Schottky contacts), improves the fitting of experimental curves at low 

applied voltages [Karg 86]: 

O = ^ T -
a {E+E.)\l-exp 

Ht(E+E1.))) 
+• E • exp MX[E+E1)Jx eXP{^EJ 

where d\ denotes the zone in the sample with internal field and E; the internal field strength, 

We will use this expression for the evaluation of (it products (assumed constant over the whole 

thickness). 

Even though the principle of the TOF measurement is conceptually straightforward, on the 

practical level there exist a number of different modes and additional conditions which need to 

be considered. Without going in the detail, let us mention here the most important ones. 

The transit and dielcctrical relaxation time 

The applied electric field must be constant and uniform during the whole TOF experiment. 

However, as a-Si:H material is slightly conductive, it relaxes and the applied field is screened 

within a time T<)ie], the diclectrical relaxation time, which is given by the dielectric constant £SJ 

and the conductivity of the material Oj. In order to assure a correct measurement of the transit 

time XT, the voltage must be applied to the sample only very short time before the light pulse 

and TT must be clearly shorter than T̂ iei: 

(1.21) 

The current and integral mode 

TOF measurements can be performed either in current mode or in integral mode. In the 

standard current mode, the RC constant of the external circuit is short and the charge on the 

sample capacitor is constantly replenished: the charge on the Csample is constant during the 

whole experiment. In the integral mode, the RC constant of the external circuit is high (i.e. high 

shunt resistor) and the detected signal is the accumulation of charge on the sample capacitor. 
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1. Transport measurement techniques for a-Si:H 

Small signal and SCLC mode 

In the classical TOF experiment (small signal TOF) the photogenerated charge is much 

smaller than the charge on the electrodes of the sample. This guarantees that the electrical field 

in the sample is not distorted by the moving charges; this is a necessary condition for the 

evaluation by Hecht's formula. However, TOF measurements may also be performed in the 

Space Charge Limited Current mode (SCLC) [Kocka 91-1] where the photogenerated charge is 

comparable or higher than the charge on the sample capacitor. In this case, the internal electric 

field is strongly screened by the photogenerated charges and the carriers are extracted in small 

portions. The advantages of the SCLC mode are high signal amplitudes and a longer residual 

time of carriers in the sample (enhancing thus loss processes), but on the other side the 

interpretation of the results is less straight forward. 

Post transient TOF 

Whereas the short-time TOF experiment monitors the transit of the photogenerated carrier 

package through the layer, the extension of the TOF experiment to a much longer time scale (up 

to seconds) can give information about the density of states in the gap. Thereby, electrons and 

holes which were deep-trapped during transit are thermally reemitted at longer times and their 

collection becomes a direct fingerprint of the DOS ([Seynhave 89], [Ko£ka 94]). 

All TOF measurements on a-Si:H presented in this work were performed by small signal 

TOF in current mode at room temperature. Some particularities appeared, however, when 

applying the TOF technique to iic-Si:H as will be discussed in section 5. 

1.4 .2 . T h e m o b i l i t y - l i f e t i m e p r o d u c t s d e d u c e d f r o m T O F 

The photogenerated carriers travel through the a-Si:H material at room temperature by a 

multiple trapping process ([Tiedje 81], [Orenstein 81]) and is finally either collected by the 

opposite contact or lost by deep trapping on a defect (see fig. 1.8). If we assume that deep traps 

are mainly dangling bonds and that no thermal emissions from these defects occur during 

transit, the evaluated |XT product is a drift mobility x deep-trapping time product ( | Ì D T D ) which 

can be identified with the band mobility x free carrier deep-trapping time product 

U,°T [Kofcka 91-2]. The free carrier deep-trapping times are then of the form: 

: ' = v A o î / î + v*Ndb<f+o ( l ' 2 2 ) 

vA0Î/«+ vA<Ç/o~ 
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1. Transport measurement techniques for a-Si:H 

where f0°, f0
+, f0" are the dangling bond occupations at thermal equilibrium, v,h is the 

thermal velocity (assumed to be equal for both types of carriers), N^b &e deep defect density 

and o*n°, Gp°, Qn
+, Op" are the capture cross-sections of die dangling bonds. 

Fig. 1.8. Schematical picture of the multiple trapping process with final collection or deep 

trapping as it is observed in the TOF experiment. 

1.5. The steady-state photoconductivity and the steady-state 
photocarrier grating technique 

In the Steady-State Photoconductivity (SSPC) and the Steady-state Photocarrier Grating 

(SSPG) measurements, a steady-state situation between carrier generation and recombination is 

established. Thus, the characteristic times involved in these experimental methods are the 

recombination times of free carriers xn
R and Tp

R defined as: 

¢=*=¾=¾ (1-24) 
li P 

The steadv-state photoconductivity SSPC 

In the steady-state photoconductivity measurements (see i.e. [Crandall 84]), a technique 

which is extensively used for the characterisation of all kinds of photosensitive materials, the 

sample is continuously illuminated with a weakly absorbed light which homogeneously 

generates a constant number of free carriers in the material. The photocurrent, which is carried 

by the free electrons and free holes between two ohmic contacts, is measured and me 

photoconductivity can be deduced: 

aph=e(^nf+fi°pPf) (1.25) 

When the material has an extrinsic character, e.g. when me role of majority and minority 

carriers can be clearly assigned to the one or the other type of carrier, the photoconductivity 

directly monitors me properties of the majority carriers in the material. 
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The steadv-state photocarrier grating technique SSPG 

The SSPG measurement technique, as it is used in this work, was introduced for a-Si:H by 

Ritter et al. [Ritter 86] and allows the determination of the ambipolar diffusion length L^b in 

a-Si:H. The sample is thereby illuminated by two coherent light beams which form interference 

fringes in the sample. As the light is absorbed, this light pattern translates into a carrier fringe 

pattern in the material, creating "light" zones with a high carrier concentrations and "dark" zones 

with low carrier concentrations. The concentration gradients between "light" and "dark" zones 

give rise to diffusion currents which tend to erase this carrier pattern. Thereby, the constraints 

of the basic transport equations (1.2) - (1.6) determine the diffusion process of carriers: the 

electrons and holes do not move independently but as neutral pairs, coupled by an internal field 

(ambipolar diffusion), and in permanent interaction with the huge reservoir of carriers in the 

bandtails. Furthermore, the diffusion process is limited here by the less numerous carrier and 

thus, the SSPG technique measures the minority carriers transport properties in a-Si:H 

material. 

Krypton laser 
647 nm 

Chopper 

Lock-in 
Amplifier 

BS: Beamsplitter 

ND: Neutral density filter 

M: Mirror 

'small X/2: Half-wave plate 

Fig. 1.9. Experimental interferometer set-up of the SSPG measurement. For the measurement, 

the sample position is moved stepwise along the dashed line, varying thereby the angle (p 

and the grating constant A For each position Opk with and without interference fringes is 

measured by lock-in technique. For details about the experimental set-up see 

[Sauvain 92}. 

The experimental set-up of the SSPG measurement is drawn in fig. 1.9. For the 

measurement, a weak light beam is coherently superimposed to a strong bias light, creating an 

interference pattern of low contrast and giving rise to a perturbation of the photoconductivity. 

By detecting this perturbation by lock-in technique for different grating constants of the 

interference fringes Lamb can be deduced. However, as shown by Ritter et al. ([Ritter 88]) and 

Sauvain ([Sauvain 92]), two important conditions must be fulfilled to extract the proper 
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1. Transport measurement techniques for a-Si:H 

ambipolar diffusion length. First, the a-Si:H must be a "lifetime material", e.g. the lifetime 

of the electron-hole pair must be longer than the characteristic time which is necessary for its 

creation (relaxation time). And secondly, the spatially extension of this neutral pair (Ldici) must 

be smaller than the distance over which it diffuses (Lamh). This second condition is called 

ambipolar or quasi-neutrality condition. 
The theoretical background of the SSPG measurement was first presented by Ritter et al. 

[Ritter 87], [Ritter 88] who neglected, however, the contribution of ionised dangling bonds to 

the total charge which turned out to the wrong approach for the case of a-Si:H. More recent and 

detailed studies by Sauvain [Sauvain 92] and Shah et al. [Shah 97} which include dangling 

bond charges found, that both conditions mentioned above are generally satisfied in a-Si:H (see 

also [Shah 96]), The evaluated ambipolar diffusion length can then be related to the 

mobility - recombination time products by the following expression [Shah 97]: 

L —7i«7#r c CL26) 

where C is a constant which represents the influence of the localised charges and has a 

value between 1 and 2 [Shah 97], From (1.26) it becomes evident, that the ambipolar diffusion 

process is limited by the carrier with the smaller ^°TR product and thus SSPG measures the 

minority carriers transport properties in a-Si:H material. By this fact, the SSPG technique 

perfectly complements the SSPC measurement: together they show a complete picture of the 

transport properties (of electrons and holes) in a-Si:H under illumination. 

The parameter b 

The ratio of electrons and hole \i°xR products is called b and reflects the position of the two 

quasi-Fermi levels Epn and Epp with respect to midgap. Thus, the magnitude of b can be used 

as a monitor for the n-type or p-type character of the material for a given steady-state 

illumination, b was first introduced by Ritter [Ritter 87]; it is, according to [Shah 97] more 

usefully defined as: 

b = t^L = ̂  (,.27) 

The parameter b can, thus, be deduced from apt, and Lamb measurements, using either the 

above definition (1.27) or, in the case of intrinsic or degraded a-Si:H, using the following 

expression which can easily be found by combining the definition of the photoconductivity 

(1.25) and the formula for the ambipolar diffusion length (1.26). 

b _±fcmèr 
[b + jf kTaphC 

P^ (1.28) 
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1.6. The \n problem 

For a long time it has been controversial, why in a-Si:H the transient LIT product determined 

by TOF measurements was about two order of magnitudes lower than the steady-state \ix 

products obtained by SSPC. A number of authors investigated in this subject which became 

known under the name "U.T problem". As TOF measurements are performed in sandwich 

configuration, whereas in SSPC the transport is detected in coplanar direction, the discrepancy 

between the steady-state and transient U,T products was first attributed to a strong anisotropy in 

a-Si:H [Schiff 86]. However, Kocka et al. demonstrated with the help of a very particular 

peeled off sample, thatina-Si:H no such anisotropy exists [Kocka 91-2]. He then proposed, in 

a similar way to Antoniadis et al. [Antoniadis 90], that in steady-state measurements a 

deep-trapped carrier undergoes many thermal emission and capture events before it recombines, 

leading, thus, to a prolonged recombination time. On the other side, Zhu et al. [Zhu 86], 

Mackenzie et al. [Mackenzie 87] and Crandall et al. [Crandall 91] correctly pointed out, that 

the characteristic times in TOF experiments (deep-trapping time) and SSPC measurements 

(recombination time) are different quantities. They argue, that deep-trapping as observed by 

TOF is a one-carrier process, whereas the recombination process involves two carriers, and 

thus it is evident that the latter requires a longer time. 

Here we will show (after checking that thermal emission cannot explain the flT problem) 

that even though deep-trapping time and recombination time are indeed different quantities, this 

is not the direct origin of the \ix problem. Rather than that, we will focus on the differences in 

experimental conditions between transient and steady-state experiments, namely on the fact that 

TOF measurements are performed at thermal equilibrium (i.e. in the dark) whereas SSPC (and 

SSPG) are measured under illumination. Thereby, we will base our argumentation on transient 

and steady-state U.T measurements we performed on a series of undoped and micro-doped 

a-Si:H samples. For the interpretation of our measurements we will make use of the theoretical 

considerations as introduced in ch. 1.3. and 1.4. 

1.6.1. Experimental 

We deposited by the VHF-GD technique [Curtins 87] a series a-Si:H layers on glass 

(Corning 7059) and on Cr-coated glass substrate. The volumic gas concentrations were thereby 

varied between 0.2 ppm and 1 ppm of PH3 and 0.5 ppm and 10 ppm of B2H6 in pure sitane. 

The thicknesses of the deposited films ranged from 2.2 um to 5 u.m. 

For TOF measurements, the layers, deposited on Cr-coated glass, were provided by 

semitransparent Cr contacts to form a double Schottky diode sandwich structure 

(Cr(1500 Ä ) / a - S i : H / C r ( 1 5 0 A)). For the steady-state experiments two coplanar 

aluminium contacts separated by a gap of 0.5 mm were evaporated on the layers deposited on 

glass substrate. 
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1.6.2. Steady-state and transient \xx products in micro-doped a-Si:H 

The steady-state (QIT)SS) and transient ((LITV) H* measurements as a function of the Fermi 

level position in the dark (evaluated from dark conductivity measurements) are plotted in fig. 

1.10. They show a surprising result: the \IT problem is a majority carrier problem only. 

Whereas for majority carriers the typical difference of about 100 is observed, the |AT products of 

minority carriers have - within experimental errors - comparable values [Beck 93]. 
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Fig. Ì.10. Comparison of steady-state (ßT)ss and transient (fir)Ir of electrons and holes as a 

function of the dark Fermi level position, A remarkable difference in (iix)ss and (flT)tr is 

only observed for majority carriers. 

1.6.3. How important is thermal emission from dangling bonds? 

To answer the question if thermal emission is important enough to eventually explain the |XT 

problem (as proposed by [Antoniadis 90], [KoÉka91-2]) we estimated the thermal emission 

rates in our a-Si:H material by the following method: 

In thermal equilibrium where the free carrier capture rates are equilibrated by thermal 

emissions (see also fig. 1.4): 

•<p- (1.29) 

Let us now consider i.e. an n-type material where negatively charged dangling bonds (D-) 

prevail. In this case, the electrons in the transient TOFexperiment are captured on D 0 states (as 

D+ « D0) and we can write: 

KU= ëa = u°?L = „ a 
<l.29) 

(1.30) 
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Combining ( 1.30) with the dark conductivity of n-type material ad = H^nJe, we obtain a 

simple expression to estimale the thermal emission rate of electrons from negatively charged 

dangling bonds to the conduction band: 

k\ (1.31) 

Similar considerations can be done for p-type samples in order to estimate the hole thermal 

emission rate from D+ states: rep
+. 

The deduced dark thermal emission rates for majority carriers are represented in fig. 1.11 

[Beck 93]. Even though these rates were deduced for the thermal equilibrium, they are hardly 

changing with illumination since almost all dangling bonds remain charged in extrinsic material. 

A particular case may be undoped a-Si:H. We considered it to be a n-type material in the dark, 

but we put the obtained value in brackets as this assumption may be questioned. 

lOppm 1 ppm undoped 1 ppm lOppm 

[B2H6]Z[SiH4] [PHJ/fSiHJ 

Fig. IAl. Estimation of the majority carrier thermal emission rate from deep defects to bands in 

obscurity as a function of doping. For extrinsic material (where charged dangling bonds 

dominate) the thermal emission rate will hardly change with illumination. The value 

obtained for undoped a-Si:H is put in brackets as it was deduced using the same 

assumptions as for n-type a-Si:H. 

The grey bar in fig. 1.11. indicates the usual generation rates (110 1 9 - 1-1020 l/cm3s) 

used for our steady-state measurements. It clearly shows that thermal emission rates from deep 

defects are in general (much) lower than these generation rates (for moderately doped samples) 

and thus cannot account for the observed discrepancy between steady-state (u.t)ss and transient 

(^x)tr • 
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1.6.4. Solving the JIT problem 

In the previous chapter we have shown that thermal emission can be ruled out to be at the 

origin of the observed discrepancy between (jiT)ss and (u.T)[r. This result, however, motivated 

us to follow up another approach in order to explain the u.1 problem: we directly compared the 

analytical expressions of the recombination times ( 1.13) and (1.14) (where thermal emission is 

neglected) and of the deep-trapping times (1.22) and (1.23) as given in the previous chapters. 

At first glance, these expressions for deep-trapping times and recombination times look the 

same. However, at a second sight, one realises that even though they are analytically 
identical, an important difference resides in the dangling bond occupation functions: whereas 

the occupation functions in the TOF experiment are given by the thermal equilibrium 
situation, those in SSPC and SSPG measurements are determined by the steady-state 

equilibrium. On one side, the thermal equilibrium the dangling bond occupation functions 

(1.8)-(1.10) are thus governed by the dark Fermi level position, the energetical position of the 

neutral dangling bond states and the correlation energy U. On die other side, under steady-state 

illumination, the dangling bond occupations (1.15) - (1.17) are governed by the capture rates of 

free carriers only and the relevant parameters here are the free carrier densities and the capture 

cross sections of neutral and charged dangling bonds. This signifies that the parameters which 

determine the deep-trapping time in transient measurements and the recombination time in 

steady-state measurements are fundamentally different and therefore steady-state (^T)55 and 

transient (UT)H can a priori hardly be compared. 

However, in most cases when one type of dangling bonds clearly prevails in thermal 

equilibrium as well as under illumination, the |ix products which are governed by these states 

become the same. This is what we observe for minority carriers which are captured on the 

predominant charged dangling bonds in extrinsic a-Si:H: holes are captured on D- states in 

n-type a-Si:H, electrons on D+ states in p-type material. In contrast to this the situation for 

majority carriers is very different as their \ix products are governed by the few remaining D0 

states. There is, in fact, no compelling reason why the density of these D0 states should be the 

same in thermal equilibrium and under illumination. And, hence, there is also no reason why 

the majority carrier fix products should be the same in the dark and under illumination. In other 

words, the observed difference between (JIT)SS and (u.T)[r of majority carriers can be attributed 

to a variation of the density of neutral dangling bonds with illumination. 

To obtain a more quantitative solution of the fit problem it would be necessary to perform 

numerical calculations. Nevertheless, considering the large number of parameters involved 

(where some of them are still quite controversial in a-Si:H), this approach was not followed up 

here. 
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2. no to PRODUCTS - A TOOL FOR CORRELATING a-Si:H FILM 
PROPERTIES AND SOLAR CELL PERFORMANCES 

The transport measurement techniques as introduced in section 1 serve to characterise thin 

layers of a-Si:H with the aim to incorporate the studied materials into p-i-n solar cells. 

However, the application of the results gained on layers to p-i-n solar cells is far from being 

straightforward, as will be shown hereafter. The issue was thus to find a way to extract from 

the parameters measured on layers the part of information which is also relevant for the solar 

cell operation. In other terms we searched for a parameter, measurable on a-Si:H layers, which 

can correlate the layer properties with cell performances. 

The parameter we introduced to this end is the \i°x° product. We will define it in this 

chapter and explain why \i°x° has the potential to relate layer properties and solar cells made out 

of these materials. Thereafter we will show how LÌ°T° can be evaluated from transport 

measurements by simultaneously performing SSPC and SSPG measurements. 

We then will apply our évaluation method of (X0T0 to different series of a-Si:H layers and 

deduce from these measurements the ratio of capture cross sections of charged to neutral 

dangling bonds, a parameter which is necessary for the evaluation of u,°T°. Finally, we apply 

our method to two series of layers and corresponding p-i-n cells, illustrating the application of 

u.°x° in a practical case and its successful correlation with cell efficiency. 

2.1. fi°T,° products as a correlation parameter 

In the past, the approach followed up by many people to improve the efficiency and 

stability of a-Si:H solar cells was the optimisation of a-Si:H layer material. However, this way 

was not always successful in the way that a-Si:H layer materials which were judged to be 

"better" not necessarily resulted in higher or more stable efficiencies when incorporated in a 

p-i-n cell device. This lack of apparent correlation between the properties measured on layers 

and the corresponding cell performances was pointed out by several authors ([Lechner 89], 

[Wronski 93], [Schropp 93], [Yang 94]). Some of them even concluded from their 

observations that a-Si:H material should only be optimised in the device configuration directly. 

We don't share this opinion. As p-i-n cells are far more complex devices it is difficult to get 

reliable information about "the i-layer material quality without being influenced by structural 

effects (interfaces, doped layers etc.). Therefore we would like to present in this work another 

approach based on the characterisation of a-Si:H material in layer configuration. 

We first focused on the characteristic differences existing between a simple a-Si:H layer on 

glass (as used for material characterisation) and the i-layer as inserted in a p-i-n structure of a 
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solar cell. One of the main differences resides in the occupation of the dangling bond states. 

Whereas in a homogeneous a-Si:H film of sufficient thickness the dangling bond occupation 

can basically assumed to be constant, this does not apply for solar cells. In a p-i-n cell the 

charge state of the dangling bonds is given by the internal electric field which forms important 

space charge zones (see fig. 2.1), creating thereby a dangling bond charge profile across the 

i-layer. Recalling now to our mind the findings of ch. 1, namely the impact of the dangling 

bond occupation on the transport measurements, one realises, that the problem of missing 

correlation may reside in this difference. 

Fig. 2.1. Schematica! representation of the dangling bond occupation (a) in a homogeneous 

layer with two ohmic metal contacts (i.e. aluminium) and (b) in a p-i-n celt in open circuit 

voltage. Edb indicates the position of the Fermi level in completely intrinsic a-Si:H (all 

dangling bonds are neutral). Whereas in case (a) the dangling bond occupation is 

determined by the a~Si:H material, in case (b) the doped p- and n-layers build up a large 

space charge zone which leads to a strongly inhomogeneous distribution of dangling bond 

charge in the i-layer. 

We thus set out to find a parameter which is independent on the actual dangling bond 

occupation on one side, but which still contains the important information about the two crucial 

parameters for solar cell operation, namely about the band mobility |l° and the deep defect 

density Ndb. on the other side. The parameter we introduced for this purpose is a U,°T° product, 

at first two separate ones for electrons and holes, which we defined as: 

Physically, these new products of band mobility (fl0) x capture time (T0) correspond to the 

value that the (IT product (measured in a-Si:H layer) would take if all defects in the material 

were neutral. These U.°T° products as defined above satisfy to our requirements: they are 

independent of the prevailing dangling bond occupation in the material but still represent the 
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band mobility and the defect density. They do also not suffer from the known drawbacks of 

deep defect density measurements, namely, the limitations in photothermai deflection 

spectroscopy (PDS) (residual absorption of the substrate in the region of defect absorption 

[Nonomura 94]) and constant photocurrent method (CPM) (incorrect determination of the 

defect density in p-type a-SiH [Mettler 94]). Furthermore, we will be show later on that these 

(I0T0PrOdUCtS are closely related to the performances of a-Si:H solar cells, as far as the latter is 

controlled by the quality of the intrinsic layer. 

2.2. The evaluation of the product H<»TO from SSPC and SSPG 
measurements 

2.2.1. Evaluation of U0T0 products: from transient or steady-state 
measurements? 

To determine the JI°T° product we adopted the following approach: starting from the 

existing and well known (IT products (from TOF or SSPOSSPG), we will first settle the role 

of the dangling bond charge on these uvi products and subsequently we will try to find a way 

how to eliminate this influence of dangling bond occupation. However, the fit products 

deduced from TOF and SSPC/SSPG are not equally suited for this procedure as we will briefly 

discuss in this chapter. 

In the TOF measurement, as we described in chapter 1.4.1, the dangling bond charge is 

given by the thermal equilibrium values (1.8) - (1.10). This means that if we intend to evaluate 

fo
0, f0

+ and f„~ for this measurement technique, we need to know precisely the dark Fermi-level 

position Epo 2nd the correlation energy U. Furthermore, in the dark, the energetical distribution 

of the dangling bond states also controls their occupation and therefore should be known. As 

the experimental determination of Ep0 is not evident [Overhof 89] and the value of U is 

controversial (U may lie somewhere between 0.1 eV and 0.3 eV [Jackson 82-2], 

[Stutzmann 87]), an estimation of the dangling bond occupation in TOF experiments, as would 

be necessary to deduce jx°T°. becomes, in general, a difficult task. 

In SSPC and SSPG measurements the situation is quite different. For high enough 

illumination, where thermal emissions from deep defects as well as recombination by band-tail 

states can be neglected (see ch. 2.2.3), almost all dangling bonds are comprised between the 

two quasi-Fermi levels. They act as recombination centres and their energetical distribution has 

virtually no influence any more. The recombination model introduced in ch. 1.3.3 is then a 

valid approximation: free carriers recombine through these dangling bond states and the 

dangling bond occupation functions become exclusively governed by the recombination traffic 

of free electrons and holes as given by the expressions (1-15) - (1.17). As SSPC and SSPG 
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2. H0T0 products 

measurements also directly monitor these free carrier densities (see (1.25) and (1.26)), we 

dispose of an additional advantage: we can evaluate the dangling bond charge within the same 

experimental framework without the need of any additional experimental methods. 
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Fig. 2.2. Anticorrelated change of majority and minority carrier fi°l^ products with micro-

doping as measured by SSPC and SSPG. 

In other terms this means that SSPC and SSPG are not two independent measurements. 

Thereby, the majority and minority carrier |X°TR products evaluated are closely related to each 

other by their common recombination centres, the dangling bonds. Experimentally, this fact 

becomes apparent as an anticorrelated behaviour of electron and hole \i°xR products as shown 

in fig. 2.2. A similar behaviour has also been reported by Yang et al. [Yang 89]. As this 

correlation between SSPC and SSPG can also be expressed analytically, we finally give 

preference to steady-state measurements over TOF. We will thus use for the evaluation of u,°T° 

SSPC and SSPG and take advantage of their correlated behaviour. 

2.2.2. Evaluation procedure for ^ 0 I 0 

As a first step in our evaluation of (I0T0, we will make an important simplification, namely: 

(2.2) »°n<=ti<=^° 
This simplification can be justified on the base of TOF measurements on compensated 

(midgap) and degraded a-Si:H samples ([Beck 92], [Beck 93]). In these samples we can 

assume that almost all dangling bonds in the material are neutral becoming thus the main deep 

trapping centres for both, electrons and holes. Consequently, the measured \i°x products 

approach the "dangling bond charge independent" Pln
0In0 and Up0Tp0 products as Tn « Tn

0 and 
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2. ^0X0 products 

Tp = Tp0. The TOF measurements on these samples are represented in a in fig. 2.3 where we 

plotted the u,p°Tp product of holes as a function of Iin
0TnOf electrons. These strongly degraded 

and midgap samples lie on a straight line with slope 1, representing (in this double-logarithmic 

plot) a constant ratio of Hn0Tn
0ZHp0Tp0 s 1 -2- Note that this value is not in contradiction with 

earlier results presented by Street et al. [Street 83] who found on undoped a-Si:H material a 

ratio of Mn0TnZMp0Tp = 10. As the samples studied by Street were undoped (i.e. not 

compensated, having the usual slightly n-type character), this n-type character will sensitively 

affect the measured tiT products (via the corresponding dangling bond charge states), and this 

should be considered the reason for this discrepancy. 

•< BjHfi doped 
10-7 

£ IO-» 
B 
U 
V. 
JU 
O 

S. 10"9 

!0-10 
10-10 10-9 10-8 10-7 10-6 
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Fig. 2.3. Mutual change of electron and hole ß°1T products obtained by TOF measurements 

during degradation: the majority carrier /i°T product starts by dropping and the \i°x 

products on all samples show the tendency to join at approximately equal values before 

degrading further with equal rates. The line with slope I indicates the ratio of 

tin0tii0/ßp0Tpo when almost all dangling bonds have become neutral. 

The second step is to accurately combine the elements we already have. The most important 

element is hereby the dangling bond recombination model presented in 1.3.3 which will be 

assumed to be valid here (see also ch. 2.2.3). It allows an analytical formulation of the dangling 

bond occupation functions (1.15)-(1.17) and we can substitute them in the expressions for 

the recombination times (1.13) and (1.14). Mathematical reshaping with the help of the 

simplification (2.2) and the definition of the b parameter (1.27) finally yields to: 
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2. u,°T° products 

<«='v^(Sr'+f*) 
M^o1O I Ul + J+^ 

b + l[alb &p f 

(2.4) 

where Hn
0^n11 and Hp°tpR are the experimentally measured u,T product and p.°r° the quality 

related HT products. Looking at this result it becomes also evident that the measured U,°TR 

products are in general different from the quality related (i°T° product. We here need to correct 

our experimental \i°xR values by a certain correction factor which is a function of b and is 

therefore influenced by doping (also low-level, non-intentional doping). 

However, there is at this stage one problem when evaluating u.°x° from (2.3) and (2.4): 

these expressions cannot be applied to "truly" intrinsic material where the role of majority and 

minority carrier cannot be clearly attributed to electrons or holes. In that case both carriers 

contribute to photoconductivity and to the ambipolar diffusion length. To prevent this problem, 

it is more convenient to rewrite the expression of the photoconductivity (1.25) by substituting 

(2.3) and (2.4). One then obtains: 

. V . ^ . «--4 
eG z J 

(2.5) 

This final formula is now valid for all types of a-Si:H materials. It is thereby not necessary 

to know the individual contributions of electrons and holes to the photoconductivity. If we 

further assume an
+/On° and ap7ap

0 to be equal (which will be shown in eh. 2.2.I to be an 

acceptable approximation), we even do not have to know if the material is n-type or p-type. 

This can be an advantage when evaluating a-Si:H with non-identified contaminant contents. 

To illustrate that such correction is not only a matter of small adjustment but can also be 

rather large, we calculated hereafter the magnitude of this correction factor z (as a function of 

doping). The result is plotted in fig. 2.4 for different ratios of charged to neutral capture cross 

sections. It clearly shows that the p.°rR, when directly evaluated from SSPC only correctly 

monitors the material quality in a very restrictive range of intrinsic (midgap) a-Si:H materials 

(i.e. degraded or "compensated" a-Si:H). In all other materials which have an extrinsic character 

(b substantially different from 1 ), U,°TR from SSPC does no longer monitor the material quality 

and needs to be corrected by the factor XIz. The undoped, but slightly n-type a-Si:H material 

deposited by the VHF-GD typically fits (in the annealed state) in this category. For extrinsic 

a-Si:H materials, one can however show that the u,°T° product becomes proportional to Lamb2 

as deduced from SSPG. This means, that when optimising undoped and slightly n-type 

(undcgraded) a-Si:H for solar cell applications, one should seek to improve Lamb rather than 

Cph- Li et al. [Lì 93] indeed came to the same conclusion and attributed his observations to the 

shorter drift length of holes compared to electrons. 
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Fig. 2.4. shows the calculated magnitude of the correction factor z as a function of the 

parameter b. In order to obtain the quality related fJ.°T° product, the yP-fi deduced from 

photoconductivity has to he devided by z (see 2.5). We also indicated typical experimental 

b values as obtained for undoped, degraded and micro-doped a-Si:H. The numbers in the 

box indicate the ratio of charged to neutral capture cross sections used for calculation. 

Note finally, that the ratio of charged to neutral capture cross sections OnVon
0 and OpVan

0 

compared to the parameter b marks the limit between intrinsic and extrinsic a-Si:H and thus 

plays an important role. This subject will be addressed in more detail in the following chapter. 

Expression (2.5) may also be used to gain information about the relative stability of an 

a-Si:H material under light-soaking. For the given hypothesis that u,° is not changing with 

degradation fWyrsch 91-1], the measure of u.°r° in the annealed as well as in the degraded state 

can be used as a measure for the increase in deep defect density: 

(*v ("•). deg Tnded 

(„V) deg ratted (". 
(2.6) 

db I initial 

2.2.3. Estimation of the ratio of the capture cross sections 

For the evaluation of u,°T° from measured quantities according to (2.5) we have to know 

the ratios of capture cross sections On
+Zon

0 and cp-/Op0. As the values these ratios are not very 

well known for a-Si:H (data published in literature range from 1.8 [Hattori 91] to 4 (Street 83] 

and values 2: 100 [Wyrsch 91-2], [Giines 94]) we will dedicate here a chapter to the evaluation 

OfCn
+Von

0 and Op-/Op° before applying our method to a-Si:H 

materials. 
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2. p:°T° products 

To gain more information about (Tn
+AJn

0 and cr p - /a p° we performed two different 

experiments: we measured the change of ^ 0 T 0 with light soaking and micro-doping. If we 

assume that Ii0T0 is proportional to I/Ndb^ e.g. that the band mobility is not substantially 

changed by light-soaking or by micro-doping [Wyrsch 91-1], we can deduce from these 

experiments an approximate ratio of the capture cross sections. The samples used for these 

measurements were the same as in ch. 1.6. 

Microdoping 

It is a well-documented fact that doping with boron or phosphine introduces additional 

dangling bonds in a-Si:H [Stutzmann 87], [Street 91]. As an empirical law they found that the 

density of deep defects Ndb is proportional to if-^[dopant] Z[Si H4]. Taking into account the 

assumptions made above, the (X0T0 product should thus reproduce this J[dopant]Z[SiHj] law 

for a correctly chosen ratio of capture cross sections. 
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Fig. 2.5. Variation of the experimental /X0I* products and ofthe deduced /i°T° with boron and 

phosphine doping. For a ratio of capture cross sections On^Zcn
0 = OpZap° •= 50 we find 

a JZ^[dopant]Z[SiH4] dependency as indicated by the dotted line. 
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2. fi°r° products 

As represented in fig. 2.5 we indeed can obtain a ìl^[dopant]/[SiH4] dependency of Ji0T0 

for aa
+/aa° = Gp'/ov° = 50 as indicated by the dotted lines. However, we have to add a 

comment here. For n-type doping, even low phosphine incorporation already pushes the Fermi 

level far to the conduction band and almost all defects in the material become negatively 

charged. Consequently the Op7ap° is not a critical parameter for the evaluation of [A0T0 here and 

no information can be gained about it. For p-type doping the situation is more helpful as doping 

with boron is much less efficient. Here, a If ̂ [dopant]/[SiH ̂ ] can only be reproduced when 

the ratio On
+Zon

0 is adjusted to about 50 (with a tolerance of about a factor of 2). 

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.! 
E[eV] 

Fig. 2.6. increase of the subbandgap absorption connected to increasing 

dangling bond density measured by CPM. The initial part of 

degradation, accompanied by a decrease of the dark conductivity, is 

not drawn in the plot; the calibration of the CPM curve was made by 

PDS measurements for the initial state and then adjusted at 

E = 1.6 eV during the degradation. The absorption at the shoulder 

(J.2 eV) was then used as a measure of the dangling hand density. 

Light-soaking 

For the degradation experiment we chose a typical undoped, slightly n-type a-Si:H layer 

with a thickness of 2.4 |im. This layer was stepwise degraded with a Krypton laser 

(X=647 ran) at a power density of about 100 mW/cm2. After each step we measured SSPC, 
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2. H°T° products 

SSPG and CPM spectra. The very initial part of degradation which was accompanied by a 

decrease of dark conductivity, was omitted as it was shown that CPM may not measure 

correctly the absorption spectra in this case [Brandt 91], [Mettler94]. While degrading further, 

the dark conductivity remained constant and the absorption at 1.2 eV was used as a monitor for 

the deep defect density (see fig. 2.6). Then, the mutual change of u,°TR products deduced from 

SSPC and SSPG was fitted with different values of capture cross sections <Jp'/ap
0 as indicated 

in fig. 2.7. The best fit was obtained for op7ap° = 50 {tolerance of about a factor of 2). For 

this value, we plotted (also in fig. 2.7) the resulting U.°T°, which decreases as expected 

proportionally to 1/ctcPM 0-2 eV). 

As previous work [Mettler 94] has shown that CPM may not correctly measure the 

absorption spectra for slightly p-type samples, no similar experiments were carried out for such 

samples (in order to find <Jn
+/On°). 

Summarising this chapter, we have found, by the two experiments of light-soaking and 

micro-doping, a value of the ratio of capture cross sections of Cn
+Zan

0 = a p 7a p ° = SO 

(with a tolerance of about a factor of 2); this value will be used throughout this work. 

o /a °=50 

o fa "=500 
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Fig. 2.7. Variation of the experimental flPTF products for an undoped but initially slightly n-type 

a-Si.H layer as a function of the increasing deep defect density as evaluated from CPM 

spectra. The best fit was obtained using a ratio of capture cross sections Cp'/Op° = 50 

which results in a ^PiP product which is almost proportional to 1/CCCPM (1-2 eV). 
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2. [X0T0 products 

2.2.4. The role of \i°t° products in a-Si:H solar cells 

It is conceptually quite obvious that in the ideal case a monotonous relation between \i°r° 

products and the corresponding solar cell performances exists, e.g. that a material with high 

band mobility and low defect density leads to good collection of the photogenerated carriers in 

the cell. On the other side, to find a quantitative relation between [I0T0 and the solar cell 

operation is rather difficult due to the complexity of the p-i-n device and the fact that in the 

transport equations used to describe the operation of the p-i-n solar cell, the parameters u, and T 

generally do not appear as product. However, in a very simplified situation (constant electric 

field, majority of defects are neutral) a direct relationship between the u,°T° product and the 

collection % in the solar cell could be established analytically [Hubin 92]. 

Another points which should be addressed here are the other factors influencing the 

collection in a p-i-n solar cells. The quality of the interfaces, the optical absorption, the i-layer 

thickness or reflection properties are all contributory factors to the overall solar cell efficiency. 

They can, however, change from one cell to the other and are by no means taken into 

consideration in the evaluation of the u°T° parameter. The u.°T° parameter can thus relate layer 

properties and cell performances only when the latter is limited by the quality of the intrinsic 

layer. However, for any given cell, the Ji0T0 product can always help to distinguish between 

problems related to the quality of the i-layer material and other structural problems. 

2.2.5. Validity of the method and its limitations 

Before stepping to the correlation between layer and cell properties, let us conclude the 

chapter 2.2 with a brief discussion about the validity of the method of U,°T° products presented 

here. The simplicity and the transparency of the evaluation procedure (2.5), achieved by strict 

approximations and hypothesis, have their price: the method has a well limited range of validity, 

as will be discussed hereafter. However, if we are able pinpoint this range, U,°T° can be used 

efficaciously within this frame. 

The basic assumption of the Jl0T0 evaluation method is the dangling bond recombination 

model (see ch. 1.3.3). Thus, the validity of our method is in principle given by the range of 

experimental conditions where the dangling bond recombination model is a valid 

approximation. As the validity of the latter has been discussed theoretically by several authors 

(i.e. !Vaillant 86], [Hubin 92], [Zhou 92]) in detail, we will not repeat it here. We therefore 

would like just to stress the importance of choosing the appropriate experimental conditions; 

e.g. the use of homogeneously absorbed light (in our case a krypton laser with X - 647 nm) 

and an illumination level which allows a correct measurement of SSPC and SSPG. Furthermore 

the illumination should be sufficient to include almost all dangling bonds between the two 

quasi-Fermi levels Epn and EFp (because only these dangling bonds can be seen by steady-state 

experiments), but not too high, so that the recombination by band tail states can be neglected 
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2. fi°T° products 

(see flg. 1.6). If this second condition is not fulfilled and bandtail states become involved in the 

recombination process, the evaluated apparent H0T0 product is reduced. However, for our 

measurements, we worked - if not mentioned differently - at generation rates between 1019 

and 1020 1/cm3. For such medium high illumination levels, it has been shown by Zhou et al. 

[Zhou 94], that the dangling bonds are indeed the main recombination centres. 

The generally observed non-linear dependency of the photoconductivity on the generation 

rate (for undoped, but slightly n-typc a-Si:H) is not fully understood yet and cannot be 

explained by the dangling bond recombination model. Connected to this, the evaluated Ji0T0 

product in certain cases also exhibits a slight dependency on the illumination intensity 

(power-law exponent between 0 and -0.3). 

The ratio of capture cross sections determined in ch. 2.2.1 is a rough estimation and was 

considered to be constant in all samples. This ratio fixes the limit between intrinsic and extrinsic 

a-Si:H and it also determines the absolute value OfJi0T0 in extrinsic samples. It thus plays an 

important role in the evaluation of u°r° products and a more precise knowledge of its value 

would be desirable. 

On the other side, the assumption of /J°TJ -M^p =\i°%° was introduced in ch. 2.2 to 

gain physical insight and is not a necessary condition. Omitting this simplification would lead to 

an additional constant in the final result but would not change in any way the physics. 

2.3. Correlation between \i°z° of a-Si:H layers and solar cell 
performances 

In this chapter we will experimentally compare the |Ì°T° products of a-Si:H layers with the 

efficiencies of p-i-n solar cells incorporating the "same" material (produced using the same 

deposition parameters) in the i-Iayer. Our aim is thereby to experimentally confirm that a 

correlation between (I0T0 and cells indeed exists. For our experiments we changed the quality of 

the a-Si:H material by varying the deposition temperature which is known to strongly influence 

the properties of the material. 

2.3.1. Experiment 

Two series of pairs, each of them consisting of an a-Si:H layer and a thin p-i-n cell, were 

produced by the VHF-GD deposition technique [Curtins 87]; thereby, the deposition 

temperature was varied from 1200C to 2000C (low temperature series) and from 1500C to 3200C 

(high temperature series). In this context, first an approximately 2.5 Jj.m thick, undoped a-Si:H 

film was deposited on a glass substrate and provided with two coplanar, ohmic aluminium 

contacts. Subsequently, using the same deposition parameters, this a-Si:H material was 

incorporated as an i-layer (thickness « 0.6 iim) in a standard p-i-n solar eel! on glass coated 
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2. u.°r° products 

by transparent conductive oxide (TCO) (Asahi type U). Both cells and layers were then 

annealed for 2 h at 1800C. 

The layers were characterised by SSPG and SSPC, by PDS and CPM as described already 

in previous chapters. Furthermore, the dark conductivity and the optical band gap (from Tauc's 

plot) were determined. For the cells, the conversion efficiency T), the open-circuit voltage Voc, 

the short-circuit current density j s c , and the fill factor (FF) were evaluated using a two-source 

solar simulator (Wacom WXS-140S-10). 

The layers were light soaked during 4 weeks by a 6 sun high-pressure sodium lamp 

(spectral maximum at 590 nm with a full width at half-maximum (FWHM) of around 40 nm) 

at 46°C. The cells were degraded during 3 weeks by an AM1.5 light source of 100 mW/cm2 

(array of Philips PL-L 24W/95/4P lamps) at 47°C. 

2.3.2. The annealed state 

The results obtained in the annealed state are listed in table I (layers) and table II (cells) and 

plotted in fig. 2.10. As a general tendency, the increasing deposition temperature improves the 

quality of the layer - monitored by the U.°T° product - as well as the cell efficiency . This 

behaviour is observed for both series even though the individual variations of efficiencies and 

U-0T0 within one series are quite different. 
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Fig. 2.9. Variation of the value of the parameter b with light-induced degradation for the two 

temperature series (circles for the high temperature series and squares for the low 

temperature series) ofundoped layers: while in the annealed state almost all materials are 

shown to have the typical slightly extrinsic character, they all become truly intrinsic 

(midgap) with light soaking. The limit between extrinsic and intrinsic is given by 

(Jn
+W= °p/Op0 =50. 
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2. u\°r° products 

O ) T 
•sei 

12O0C 

1400C 

150 0 C 

1600C 

1700C 

18O0C 

2000C 

220 0C 

270 0C 

320 0C 

b 

6 4 ( 8 ) 

8 0 ( 8 ) 

46 ( 15 ) 

376 ( 11 ) 

136 ( 20 ) 

320 ( 9 ) 

303 ( 13 ) 

175 ( 26 ) 

355 C 19 ) 

283 ( 28 ) 

fi°r [cm^/V] 

5.7-10-8(2.4-10-9) 

8.9-10-8(3.1-10-9) 

4 .2-10-8 ( 6.1-10-9 ) 

1.2-10"7 ( 7 . 7 1 0 " 9 ) 

1 . 9 1 0 - 7 ( 1 .610- 8 ) 

1 .710-7(8 .310" 9 ) 

2 .610- 7 ( 1.810-8) 

3.5-10-7 ( 3.6-10-8 ) 

3.5-10-7 ( 4.8-10-8 ) 

3.6-10-7 ( 4.8-10-8 ) 

( W 1 . 2 e V ) 

0.9 ( 24 ) 

1 .0(16) 

1.4 ( 6 ) 

0 . 3 ( 1 2 ) 

0.9 ( 6.5 ) 

0.4( 10) 

0.2 ( 12 ) 

0.4 ( 4 ) 

0.4 ( 3.5 ) 

0.4 ( 4 ) 
aJ TSC( indicates the seipoint temperate. Actual substrate temperature is about 200C (Tse|=l50°C) to 60DC 

(Tset=320°C) lower than the seipoint temperature. 

Table I. Temperature series: Properties of 2.5 /Jm thick a-Si:H layers in the annealed state and 

in the degraded state (latter in brackets). Samples in bold correspond to the "high 

temperature series". 

*> Tss, of i-layer 

1200C 

140X 

1500C 

1600C 

1700C 

1800C 

2000C 

220 0 C 

270 0 C 

320 0 C 

il [%] 

6.9( 1.1 ) 

7.2 ( 2.3 ) 

7.1 ( 3.2 ) 

8 .9(3.1 ) 

9.6 ( 4.9 ) 

9.1 ( 3 . 7 ) 

9.7 ( 5.4 ) 

10.3 ( 6.5 )| 

9.5 ( 6.7 ) 

8.3 ( 6.5 ) 

FF 

0.60 ( 0.30 ) 

0.65 ( 0.35 ) 

0.55 ( 0.37 ) 

0.66 ( 0.38 ) 

0.65 ( 0.46 ) 

0.69 ( 0.41 ) 

0.71 ( 0.48 ) 

0.67 ( 0.52 ) 

0.65 ( 0.54 ) 

0.60 ( 0.52 ) 

jsc [mA/cm2] 

13 .5(4 .9) 

13 .4(8 .1) 

16.2 ( U .2 ) 

15.6( 10.2) 

16.5 ( 12.7 ) 

15.4( U.O) 

16.0( 13.5) 

18.0 ( 15.1 ) 

18.0 ( 15.2 ) 

17.6 ( 15.9 ) 

Voc[V] 

0.850 ( 0.786 ) 

0.825 C 0.796 ) 

0.788 ( 0.787 ) 

0 .859(0.816) 

0.852 ( 0.828 ) 

0 .855(0.830) 

0 .851(0.826) 

0.848 ( 0.835 ) 

0.827 ( 0.821 ) 

0.781 ( 0.785 ) 

Table IL Temperature series: solar cell performances in the annealed state and in the degraded 

state (latter in brackets). The cells in bold correspond to the "high temperature series". 

If we look at the layers first and we plot the b value as a function of the deposition 

temperature (fig. 2.9) we obtain the usual picture of undoped and annealed a-Si:H, namely a 

slight n-type behaviour indicated by b values around 200, where the limit between intrinsic and 

extrinsic material is given by the ratio of capture cross sections aa*/Otia = Cp'/Cp0 * 50 (see 
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eh. 2.2.1). Only the samples deposited al very low temperatures turn out to be truly midgap 

with b values around 50, a fact which can be explained by the high dangling bond density in 

such material {as seen by CPM) which "pull" the Fermi level towards midgap. 

10 

8 

2 

0 
150 200 250 300 350 

T11J
0C] 

Fig. 2.10. Correlation between the fi'V products evaluated on two series of 2.5 ßm thick, 

undoped layers, on one side, and efficiencies of solar cells incorporating the "same" 

material as an i-layer on the other side; results are given for both the annealed and the 

degraded state. The two cell efficiencies for high-temperature deposition (as marked by 

arrows) are presumably reduced due to interdiffusion problems. 

The quality of the layers, as shown by \i°V, is almost constant at temperatures above 2200C 

whereas it strongly falls off for temperatures below. Such behaviour is also reproduced in CPM 

measurements which indicates an enhancement of deep defect density for low-temperature 

samples. If we look now at the high temperature series (bold in values in table II), this effect 

observed by CPM is, however, much weaker than the measured deterioration of the film quality 

seen by the \vv product. From this discrepancy between CPM and \i°i° we deduce that the 

band mobility (seen by (X0T0 but not by CPM) is considerably inferior (2-3 times) in 

low-temperature material compared to a-Si:H deposited above 2200C. Additional support of this 
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suggestion is also given by the characteristic energy E0 of the Urbach edge, in a-Si:H generally 

associated to the disorder in the material [i.e. Cody 92], which increases from 49 meV (2700C) 

to 56meV(l50°C). Goeriitzeret al. [Goerlitzer 95] came to the same results from the analysis 

of transient photoconductivity data measured on the same series of samples. 

For the cells a similar deterioration of the performances with decreasing temperatures is 

observed. On the other side also the performances of cells deposited at high temperatures are 

lowered even though the a-Si:H material was shown to be of good quality. Nevertheless, at 

these high temperatures, interdiffusion problems may become important and even dominate the 

overall efficiency of the solar cell. In accordance with this hypothesis, the j s c which remains 

high even for high deposition temperatures, does not indicate any deterioration of the intrinsic 

layer material. 

2.3.3. The light soaked state 

The results obtained on layers and cells in the degraded state are listed in brackets in table I 

and II respectively; the same data is represented graphically in fig. 2.10. 

In the degraded state for all a-Si:H layers the b values are strongly reduced by light soaking 

and all the samples arc now, according to our definition given above, truly intrinsic (midgap) 

with b values < 50 (see fig. 2.9). In other terms, following the guidelines given in 2.2, the 

quality of all the a-Si:H layers of these two series is simply given by the photoconductivity in 

the light-soaked state. CPM measurements performed after degradation show, here again, a less 

pronounced increase at low temperatures compared to the deterioration of Ii0T0 products. 

The conversion efficiencies Tj of the corresponding cells were strongly reduced by 

light-soaking. One particularity, which is worth to be mentioned here, is once more the 

behaviour of lhe high temperature cells. They degrade much less (only about 20%) than the 

other cells which may lead to the wrong conclusion that the a-Si:H material used for these cells 

is more stable than a-Si:H deposited at lower temperatures. In fact, the U.°T° products 

determined on the corresponding-layers clearly show that a-Si:H materials deposited at more 

than 270°C arc actually not more stable as a-Si:H deposited at e.g. 2200C. The reason for the 

apparent higher stability of these two cells lies in their structural deficiencies; the interdiffusion 

problems "artificially" reduce the cell efficiencies in the annealed state but they become 

insignificant in the light soaked state, where the cell performances are then limited by the 

degraded, defect rich i-layer. 

2.3.4. Correlation between layer properties and cell performances 

The u.°T° products measured on layers and the corresponding solar cell conversion 

efficiencies T| of both series are plotted as a function of each other in fig. 2.11 in order to 

visualise the correlation between the two. In the same graph we also represented the data 

obtained in the light-soaked state, even though cells and layers were degraded differently. The 
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2. Li0T0 products 

fig. 2.11 must therefore be interpreted as two independent graphs which show an incidental 

agreement. 

The correlation obtained between Ji0X" products of the layers and the corresponding solar 

cell efficiencies is very good and even exceeded our expectations. Especially in the degraded 

state the correlation is excellent: the structural deficiencies of the cells have lost their relative 

importance and the cell performances are exclusively governed by the strong recombination 

losses in the i-layer here. On the other hand, for high quality a-Si:H material 

(|ipTD > 1-10"7 cm2/V) the correlation with cell performances is less evident as other loss 

mechanisms related to the cell structure (e.g., interdiffusion at high temperature, see ch. 2.3.2 

and 2.3.3) gain relative importance and can even determine the overall cell conversion 

efficiency. 

Looking at fig. 2.11 one can conceptually also imagine a curve (upper limit) which would 

indicate the maximum conversion efficiency T) achievable with a-Si:H material of a given 

quality. First, this curve would help to immediately estimate the potential of any a-Si:H 

material, to be incorporated in a p-i-n device. And second, for any produced p-i-n cell with 

known i-layer material properties, one could easily discriminate between material related losses 

and an imperfect cell structure (assuming o^/o0 to be constant in all a-Si:H materials). 
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Fig. 2. IJ. Correlation between /TT' products evaluated on two series (squares and circles) of 

layers and the corresponding solar cell efficiencies in the annealed and in the degraded state, 

Note that the cells and layers were degraded differently and thus the graph must be 

considered to be composed of two independent parts: annealed state (full symbols) and 

degraded state (open symbols). 

- 3 9 -



2. u.°r° products 

2.4. Conclusions 

The quest for a suitable correlation parameter lead us to the creation of a new parameter, the 

H0V product. This \i°v product unites all the desired properties of a correlating tool: On one 

side, \i°r° contains the important informations about band mobility and deep defect density, 

both crucial parameters for the operation of p-i-n devices; on the other side it is independent on 

the prevailing dangling bond occupation in the a-Si:H material. We could show that \x°V> can 

indeed be deduced from experimental LIT products measured by steady-state methods (SSPC 

and SSPG). We proposed a procedure, which allows an easy evaluation of t̂0T0 from SSPC 

and SSPG measurements using a single equation (2.5). Thereby, the evaluation of \i°v from 

experimental data becomes particularly simple in most cases [Beck 94]: if the a-Si:H material 

has an extrinsic character, the quality of the material is monitored by the ambipolar diffusion 

length and the measurement of photoconductivity in this case does not supply any relevant 

information about the material quality. Undoped, but slightly n-type a-Si:H typically fits in the 

annealed stale in this category. The opposite is true, however, for clearly intrinsic (midgap) 

a-Si:H material, i.e. for degraded a-Si:H. Here, the photoconductivity alone is sufficient to 

accurately describe the material properties. The measure of the parameter b is thereby always a 

good way to determine if an a-Si:H material is intrinsic or extrinsic. 

The application of our "correlation tool" to two series of a-Si:H layers and corresponding 

p-i-n solar cells lead to promising results: the correlation obtained between the U,°T° products on 

a-Si:H films (and evaluated in the manner described here), on one side, and the performances of 

the solar cells incorporating the same material as an active i-layer, on the other side, is very 

good [Beck 96-1]. 

However, one should always keep in mind the complexity of a solar cell device which 

includes doped layers, contacts, interfaces etc. The [ i f products presented here exclusively 

takes into account the properties of the intrinsic i-layer and the related losses by recombination. 

It may thus only be used to optimise solar cell performances as far as the intrinsic layer is 

concerned. 
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3. THIN FILM MICROCRYSTALLINE SILICON: 
A SHORT INTRODUCTION 

Microcrystalline silicon is a thin film material which consists of small crystalline grains 

(typically between 50 Â and 1000 Â) embedded in an amorphous matrix as illustrated in 

fig. 3.1. The first microcrystalline silicon layer was deposited by Veprek and Marecek in 1968 

[Vepfek 68], using chemical vapour transport in a hydrogen plasma at 6000C. In the following 

years Veprek and his co-workers improved their deposition technique and performed pioneering 

work in the investigation of this new material. 

Later on also many other research groups joined the field of thin film microcrystalline 

silicon, exploring thereby the entire arsenal of growth methods. As "The diversity of growth 

methods available represents a real flowering of the ingenuity of scientists and engineers." 

(Citation [Fahrenbruch 83]), a large variety of thin film silicon materials of very different 

morphologies and qualities was the result. 

amorphous matrix 

crystalline grain 

Fig. 3.I. Illustration of microcrysialline silicon: the material is composed of small crystallites 

which are embedded in an amorphous matrix. Typical grain sizes range from 50 A -

JOOO Â. 

The most commonly used method to produce microcrystalline silicon is, however, the 

Chemical Vapour Deposition (CVD) process at both, low and high temperatures. Thereby, the 

process temperature plays an important role. In the high-temperature and low pressure CVD 

(used e.g. by [Jackson 83], [Seto 75], [Podbielski 84]) the process gases are decomposed 

thermally at about 6500C, whereas at low temperatures (-2000C) the gas decomposition is 

driven by a plasma discharge (PE-CVD, GD). Silicon layers produced by high-temperature 

CVD contain practically no hydrogen; they are usually referred to in the literature as 

"polycrystalline silicon" [Jackson 83], [Seto 75], On the other side, low-temperature PE-CVD 

material contains substantial quantities of hydrogen and are in literature often denominated as 

-41 -



3. Microcrystalline silicon: an Introduction 

"hydrogenated microcrystalline silicon" (u.c-Si:H), although sometimes the term 

"nanocrystalline silicon" is also used [Konuma 87], This nomenclature has mainly historic 

reasons. In fact, high-temperature CVD "polycrystalline" silicon does not necessarily have 

larger grains than low-temperature (ic-Si:H. We will use this terminology throughout this work 

even though recently a new terminology, based on the size of the crystalline grains rather than 

on the deposition technique, was proposed to the photovoltaic community [Basore 94], 

3.1. Properties of hydrogenated microcrystalline silicon 

A "typical" poly- or microcristalline material does not exist. If one has to attribute to this 

material a characteristic feature, it is probably the fact that its morphology and its properties can 

be tuned in a wide range, either by the choice of the deposition method or, for a given method, 

by simply changing the deposition parameters. For instance, the transition from amorphous to 

p:c-Si:H material, which is usually achieved by highly diluting silane into hydrogen (e.g, 

[Wang 90], [Beck 96-3]), can also be induced e.g. by applying a substrate bias 

[Konuma 87], by increasing the deposition temperature [Wang 90], or by rising the input 

power [Torres 97]. 

Variations on the crystalline volume fraction, on orientations and forms of crystallites and 

different average densities of impurity atoms (e.g. oxygen), defects and porosity makes it, thus, 

very difficult to compare poly- and microcrystalline materials obtained by different deposition 

techniques. In this work we will therefore concentrate on hydrogenated microcrystalline silicon 

and, therein, on )ic-Si:H materials deposited by the Very High Frequency Glow Discharge 

(VHF-GD) [Curtins 87] as this method has been shown to have some advantages over other 

deposition techniques (e.g. lower radical energies and higher deposition rates [Keppner 96]). 

A cross-sectional TEM picture showing the structure of a typical p:c-Si:H layer deposited 

on glass by the VHF-GD technique at 110 MHz [Meier 94] is represented in fig. 3.2. One can 

discern elongated grains parallel to growth direction. An indication for the "cigar-like" shape of 

the crystallites is also given by the X-ray diffraction spectroscopy measurements; they show a 

strongly enhanced <220> X-ray diffraction peak (when compared to a silicon powder sample) 

(see fig, 3.3.), indicating, thus, preferential growth in the <220> direction [Keppner 96]. The 

crystalline volume fraction Xc, deduced from Raman spectroscopy, exceeds 90% in 

high-quality material and indicates that actual no amorphous tissue is present in these layers. 

The grain sizes as evaluated from X-ray diffraction by Scherrer's formula are about 200 Â; 

however the precise meaning of this value is not clear yet, because of the elongated form of the 

grains (Scherrer's formula is based on a model that assumes spherical grains). The hydrogen 

content can be estimated from IR absorption measurements and is typically about 6 % which 

will be shown to be far enough to efficiently passivate the defects at the grain boundaries (see 

ch. 4.2.2). 
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Fig. 3.2. Cross-sectional TEM picture of a flc-Si:H layer deposited on a glass substrate by 

the VHF-GD technique: preferential growth is obtained, leading to elongated grains and a very 

high crystalline volume fraction. 
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Fig. 3.3. X-ray diffraction pattern of an undoped ftc-Si.H layer deposited on glass. For 

comparison the five most important refraction peaks of a c-Si powder sample are plotted 

in arbitrary units (o). In the pic-SLH layer the <220> reflection peak is clearly enhanced, 

this indicates a preferential growth of the crystallites in the <220> orientation. 
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Even though it seems that we are able to give a rather precise picture of |ic-Si:H material as 

obtained by VHF-GD, this holds only for the "standard" high quality u.c-Si:H produced in our 

lab (IMT, Uni Neuchâtel). Even slight variations in the deposition parameters, e.g. an increase 

of the plasma excitation frequency, variations in the dilution ratio of silane into hydrogen or in 

the power density often immediately lead to substantial changes in the structure of the deposited 

layer. This fact makes the characterisation of u,c-Si:H an even more difficult task as it will be 

extensively discussed in the following two chapters. 

3.2. Microcrystalline silicon for solar cell applications 

Even though microcrystalline silicon has been discovered approximately at the same time as 

a-Si:H, more than twenty years passed by until this material was for the first time incorporated 

into a solar cell and the result published [Wang 90]. 

On one side, the preconceived idea of a very small-grained u.c-Si:H silicon material 

containing a huge amount of defect-rich grain boundary regions may have hindered the 

development of fic-Si:H based solar cells for a long time. In fact, by different characterisation 

methods, defect densities as high as 1017 - 5 x l 0 i 8 cm"3 were measured in |XC-Si:H materials 

([LeComber S3], (Amato 92], [Liu 93]), defects which were supposed to favour the carrier 

recombination losses in the material. 

On the other side, also a number of other technological problems had to be solved in order 

to clear the way to operating [ic-Si:H solar cells: 

1) As-grown (ic-Si:H has a pronounced n-type character due to oxygen contamination and, 

thus, cannot directly be used as an active intrinsic i-layer in a p.c-Si:H p-i-n solar cell. First 

attempts to solve this problem were made by Lucovsky et al. [Lucovsky 93] who added small 

traces of diborane to the gas phase in order to compensate the native n-type behaviour of the 

Hc-Si:H material. Refined by Meier et al. [Meier 94], this delicate process of microdoping was, 

however, recently replaced by a purifying technique of the feed gas, reducing thereby the 

oxygen contamination to an insignificant level [Torres 96]. 

2) The development of doped microcrystalline layers, initiated by [Usui 79], leaded to n-

and p-contact layers whose quality nowadays exceeds that of doped a-Si:H layers as far as the 

conductivity is concerned [Prasad 91]. [Flückiger 93]. 

3) The problem of defect-rich grain boundary regions is closely related to the deposition 

technique and the process parameters used. In fact, this problem has two aspects: first, broken 

Si - Si bonds can be created during growth when the u,c-Si:H tissue is constructed. However, 

and this is the other aspect, broken bonds can also be passivated by hydrogen, either during or 

after growth. A deposition technique suited to produce low-defect 

"solar grade" u.c-Si:H material must therefore not only allow a 
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"careful" construction of the u.c-Si:H tissue during growth, but also involve enough hydrogen 

to passivate the remaining defects. 

It has been shown that the Very High Frequency Glow Discharge (VHF-GD) technique at 

70MHz is particularly favourable for the growth of u.c-Si:H material [Finger 94]. In fact, 

compared to the conventional 13.56 MHz GD, the ion bombardment energies (supposed to 

introduce defects in the growing layer) are lower in the VHF-GD process [Heintze 96] and the 

atomic hydrogen flux to the surface of the growing layer (which is supposed to be important for 

defect passivation) is enhanced [Heintze 96]. 

These reasons may be responsible for the important role played today by the VHF-GD 

method in the field of uc-Si:H solar cells. After some isolated approaches presented in the past 

([Wang 90], [Faraji 92]), Fiiickiger et al. [Flückiger 92] published the first jxc-Si:H p-i-n cell 

produced by VHF-GD with 1.7 % conversion efficiency. Since then the u.c-Si:H solar cells 

were steadily improved. They presently reach a conversion efficiency of 7.7 % [Meier 96] and 

considerable potential to increase this efficiency unquestionably exists. In combination with a 

thin a-Si:H top cell ("micromorph tandem cell") a stable efficiency of 10.7 % has been achieved 

so far [Keppner96]. 
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4. OPTICAL PROPERTIES OF HYDROGENATED 
MICROCRYSTALLINE SILICON 

From the optical point of view, the main reason why jic-Si:H became an interesting 

material for thin film solar cells is its enhanced optical absorption, when compared to a-Si:H, in 

the region of near infrared light (between 1.1 eV and 1.7 eV). Related to the crystalline phase 

in the materia] (with optical gap ~ 1.1 eV), this high infrared absorption is a common feature 

of all u,c-Si:H and predestinates it to be used as a low-gap material for solar cell applications. 

More particular are the optical absorption properties of px-Si:H prepared by the VHF-GD. 

The optical absorption in these materials is further enhanced and exceeds that of c-Si over the 

whole spectral range. This fact attracted large interest as the observed 2 to 4 times higher 

absorption (compared to c-Si) immediately allows the reduction of the cell thickness by the 

same factor while still absorbing the same amount of sunlight. The physical processes which 

lead to such high absorption were, however, initially unclear and motivated us to investigate in 

this problem, 

Another important aspect which was also included in our investigations is the sub-bandgap 

absorption (below 1 eV), the latter being an indicator for the defect density. Normally high in 

u.c-Si:H, the defect-connected absorption has for a long time prevented scientists to implement 

their nc-Si:H materials into p-i-n solar cells. In contrast to this the VHF-GD u,c-Si:H (which 

lead to solar cells with high efficiencies) often shows an extremely low defect-connected 

absorption. As such a low defect density is strongly favourable for solar cell applications, we, 

thus, paid special attention to this part of the absorption spectrum. 

Starting with the measurement of the optical absorption properties of different VHF-GD 

^c-SirH materials, we then suggest several possible explanations which can account for the 

observed behaviour and we checked them - if possible - experimentally. We thereby realised 

that scattering (bulk and surface) in ux-Si:H layers is clearly enhanced compared to a-Si:H and 

can mask in certain cases the "true" absorption given by the material properties. In the following 

we, thus, developed different experimental techniques which allow a quantitative determination 

of the scattering coefficient in our uc-Si:H materials over several orders of magnitude and to 

separate scattering effects from the "true" optical absorption. The "tools" being now prepared, a 

re-examination of the absorption spectra on a larger variety of u.c-Si:H materials should, 

however, be considered in future as some open questions still remain. 



4. Optical properties of |ic-Si:H 

4.1. Optical absorption measurement techniques 

We measured the optical absorption of |J.c-Si:H by the three different techniques: by 

Transmission I Reflection measurements (17R), by the Photothermal Deflection Spectroscopy 

(PDS) and by the Constant Photocurrent Method (CPM). Combining these three techniques, we 

were able to obtain an almost complete picture of the optical absorption in our uc-Si:H material. 

4.1.1. Transmission and Reflection measurements (TYR) 

In TTR measurements the transmittance T and the reflectance R of the layer-substrate system 

as a function of wavelength are measured by a spectrometer. By further using an integrating 

sphere (Ulbricht sphere), one can discern between specular and diffuse transmission and 

reflection respectively. In contrast to a-Si:H, the detection of the diffuse signal can become 

important in the uc-Si:H material as it will be shown in ch.4.3. 

Fig. 4.1. The optical system "flat p.c-Si:H layer on glass substrate" as used for transmission 

and reflection measurements. For an incident light beam kitting perpendicularly the 

surface, the surface and interface reflections Ri, R2 and R3 are given by the indexes of 

refraction of the layer n, the substrate ns and the air (n = 1). 

The measured transmittance is determined for a given layer-glass substrate system 

(fig. 4.1) by: 

T Jl-R1)[I-R2)[I-R3)eXp(-ad) 

l-R,R2exp{-2ad) 

and therefrom the absorption coefficient a can be evaluated: 

a = —-In 
d 

-B±-JB2-4AC 

2A 

(4.1) 

(4.2) 
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where 

A = R1R2T 

B=(I-R1)(I-R2)[I-R3) 

C = -T 

d = layer thickness 

The reflection coefficient R3 (air-glass interface) is about 4% for the for visible light, the 

reflection coefficients R[ can be measured directly and R2 can be estimated by measuring the 

reflectance Rgiass from the glass side (in the region of strong absorption): 

' (>-«J (4.4, 

By such TYR measurements the absorption coefficient a of the u\c-Si:H material can be 

determined in the range free of interference fringes and of strong absorption. 

4.1.2. Photothermal Deflection Spectroscopy (PDS) 

For the PDS measurement [Jackson 82-2] the sample is immersed in a non-absorbing 

liquid (CCI4) with an index of refraction which strongly depends on the temperature. The 

sample is then illuminated by monochromatic light and the absorption by the ux-Si:H material is 

traduced into a local heating of the CCI4. The change of index of refraction of the CCI4 due to 

the local temperature increase can be read out by the deflection of a HeNe laser beam which 

travels through the CCI4 close to the surface of the sample. The deflection signal of the laser 

beam is proportional to the absorption coefficient a for homogeneously absorbed light and can 

be used as a relative measure of a. To put the absorption spectrum to absolute scale, the PDS 

measurement is self-calibrated in the region of strongly absorbed light (or by T/R 

measurements). 

The PDS technique, in contrast to CPM measurements, is sensitive to all optical transitions. 

Furthermore it is somehow less sensitive to scattering effects as the read-out zone, determined 

by the width of the laser beam, is very restricted. On the other side, the PDS technique has the 

disadvantage to be limited in the low absorption region by residual absorption of the glass 

substrate ([Amato 91], [Nonomura 94]). For ux-Si:H layers with thicknesses of about 2 ^m 

the PDS detection limit is about a = 1 cm'1. 

4.1.3. The Constant Photocurrent Method (CPM) 

The CPM method has been introduced to a-Si:H by VanScek et al. [VanKek 81] and 

allows the determination of very small absorption coefficients. The technique is based on the 

photoconductivity Oph which is in a-Si:H as well as in U£-Si:H related to the generation rate by 

a power law ([Rose 63], [Goerlitzer 96]): 
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>ph (4.5) 

For uniform absorption (ad « 1) the generation rate G is approximately proportional to 

a$o where O0 is the incident light flux and one can write: 

V ••{O0o) (4-6) 

Keeping now during the measurement the photocurrent constant by adjusting the light 

intensity one can determine a relative absorption spectra according to: 

Ì 
aph = const or« 0„ (4.7) 

However, for that this simple approach is valid, several conditions, such as fix products 

and y factor independent of wavelength, must be fulfilled. These conditions were studied in 

detail by Mettler [Mettler 94] for a-Si:H, but no similar studies were made so far for (ic-Si:H. 

This is the reason why we applied the CPM technique to ^c-Si:H only in combination with PDS 

in order to dispose of a more reliable picture of the absorption behaviour. 

Another important point are the optica! transitions detected by the CPM technique. The 

measured signal in CPM is a photocurrent which is carried by the majority carriers. In the 

subbandgap absorption region CPM is thus only sensitive to transitions from localised states to 

the band of majority carriers (conduction band in n-type material and valence band in p-type 

material) as illustrated in fig.4.2 for an n-type material. 
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Fig. 4.2. Optical transitions as detected by the CPM and PDS technique: whereas PDS is 

sensitive to all optical transitions, CPM only "sees " transitions from localised states to the 

band of majority carriers (transition (a) in an n-type material), but is in (his case "blind" 

for the transition (b). Possible transitions between localised states are not represented 

here. 
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The absorption spectra measured by CPM is relative and must be calibrated by another 

technique such as PDS or T/R to obtain the absolute absorption spectra. However, recently the 

"absolute CPM" method (A-CPM) has been introduced by Vanecek et al. [Vanécek 95]. By 

measuring simultaneously standard CPM as well as the transmission spectra of the sample one 

can evaluate the absolute absorption spectra of thin layers without involving further calibration 

measurements. An additional credit point of this method is the suppression of interference 

fringes in the absorption spectra which can be a problem in thin samples (d < 1 ^m). A 

detailed description of the method is given elsewhere [Vanecek 95], If not mentioned 

differently, the CPM spectra presented in this section are determined by this "absolute CPM" 

(A-CPM) method. 

4.2. The optical absorption in [ic-Si:H 

The typical absorption spectra of different silicon-based materials are represented for 

comparison in fig, 4.3. The absorption spectra of c-Si [Green 95] shows a parabolic shape 

related to the indirect nature of the fundamental optica! gap at 1.12 eV. The poly-silicon 

material (p-type wafer with grain sizes ~ 5 mm) basically has the same absorption behaviour as 

c-Si, but a detrimental amount of defects appear in the gap due to unpassivated grain 

boundaries. Contrary to this, the optical gap of a-Si:His enlarged to around 1.7 eV (Taue gap) 

due to the disorder in this material. Its absorption in the region of visible light is strongly 

enhanced compared to the other materials as the k-selection rule (contribution of a phonon with 

a certain energy to the absorption process) is relaxed. 

The shape of the absorption spectra of a high-quality ux-Si:H layer deposited by the 

VHF-GD, in its turn, follows the shape of c-Si over a wide range of energy, but is shifted to 

lower energies and higher absorption values. Both, the enhancement and the shift of the 

absorption edge are important advantages for the application of u.c-Si:H material in p-i-n solar 

cells. In fact, the shift of the absorption edge makes it possible to absorb infrared light of even 

lower energies, and, furthermore, the overall enhancement of the absorption coefficient allows 

one to make considerably thinner cells which still absorb the same quantity of light. 

The reasons for this absorption behaviour can be manifold [Beck 96-2J. On one side, a 

residual amorphous phase in the llc-Si:H material may increase the absorption in the region of 

visible light, but it cannot account for the enhanced absorption below 2 eV. On the other side, a 

distortion of the band structure of the crystalline phase, e.g. due to internal stress or quantum 

confinement (small crystallites), may lead to a shift of the optical gap. Furthermore, also the 

"grainy" structure of the material and a rough surface may lead to scattering effects which can 

distort the measured absorption spectra. We will address all these possible effects in the 

following chapters, paying thereby particular attention to the problem of scattering in VHF-GD 

Hc-Si:H (ch. 4.3). 
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4. Optical properties of HC-Si:H 
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Fig. 4.3. Absorption coefficient of VHF-GD {ÀC-SÌ:H compared to c-Si [Green 95], a-Si:H and 

a p-type poly-silicon wafer. The absorption ofptc-Si:H has almost the same shape as c-Si, 

but is shifted to higher values and lower energies. 

The defect-connected absorption in the p.c-Si:H produced by the VHF-GD is usually very 

low and suggests an efficient passivation of the grain boundary defects by hydrogen. We fully 

confirmed this presumption experimentally for our uc-Si:H material; the result will be presented 

hereafter. 

4.2.1. "Optical tuning" of Ltc-Si:H 

Before stepping further we would like, however, to remind that no "standard" absorption 

spectrum for iic-Si:H exists, but that the optical absorption properties of ux-Si:H critically 

depend on the deposition conditions used. To illustrate to what extent the absorption properties 

of iic-Si:Hcanbe tuned by varying the deposition parameters, we measured by PDS, A-CPM 

and TYR the absorption spectra of a series of nc-Si:H layers, all deposited at 110 MHz 

(deposition temperature 2200C, HF-power 7 W, pressure 0.8 mbar, using a gas purifier). The 

only variable parameter was the ratio of silane flow over total gas flow [SiH4]/[SiH4+H2] 

which was increased from 1.25% to 7.5%. High dilution thereby means little silane is left in 

hydrogen (1.25%) whereas in low-dilution samples the silane content in the total gas flow is 

increased (7.5%). The obtained layers had thicknesses between 1 (im and 3.1 ^m which 
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4. Optical properties of px-Si:H 

corresponds to deposition rates between 0.44 Â/s and 3.5 Â/s. The measured absorption 

spectra are plotted in fig. 4.4. 

As already shown by Kroll et al. [Kroll 96], the transition from HC-Si:H to a-Si:H is 

abrupt and typically takes place at around 7.5% for the deposition conditions used here. In the 

series presented here, the 7.5% sample is clearly amorphous whereas all the other layers are 

microcry stall ine. Thereby, three distinct effects can be observed: 

11 i 111 11 i , • , i , . . i i i , i 1 1 , i j i i j - i - i - j . 

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 
Energy (eV] 

Fig.4.4. Apparent optical absorption coefficient Ogpp measured on the HO MHz dilution series 

by PDS, A-CPM and T/R. The transition from amorphous to microcrystalline silicon 

takes place at around 7.5% dilution. Crystalline silicon data [Green 95) is plotted for 

comparison. The absorption of the highly diluted sample (1.25%) is enhanced by 

scattering. 

First, the most drastic phenomenon is of course the transition from a-Si:H with a Tauc gap 

of around 1.7 eV to u,c-Si:H, showing the characteristic indirect gap transition of crystalline 

silicon at about 1.1 eV. There are, however, also significant changes in the absorption curve 

within the microcrystalline range of deposition conditions. 

As a second effect, for die sample with the highest dilution (1.25%), further enhancement 

of optical absorption by scattering is observed. As scattering events at the surface or in the bulk 

of the layer result in a longer effective optical path of the photons, the apparent absorption is 

enhanced. The problem of scattering in nc-Si:H will be addressed in more detail in ch. 4.3. 
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4. Optical properties of U£-Si:H 

Third, the layer produced with 5% dilution is a mixed phase material, containing a 

non-negligible amorphous fraction. This is reflected as an important difference between A-CPM 

and PDS data. Whereas PDS measures the true optical absorption, the CPM technique fails here 

as the photosensitivities and fix products of the amorphous tissue and the crystalline grains are 

not the same and thus one of the basic conditions for CPM is not fulfilled. 

4.2.2. Defect-connected absorption 

A high defect-density, as observed for most p.c-Si:H ([LeComber 83], [Amato 92], 

[Liu 93]) and poiycrystalline silicon [Jackson 83] materials, was for many years the main 

argument why this material was not incorporated into solar cells. The situation has turned out to 

be more advantageous, however, for jic-Si:H deposited by the VHF-GD. As shown in fig. 4.5, 

the defect-connected absorption in high-quality |ic-Si:H materials deposited by the VHF-GD is 

very low and reaches values of about a = 1 cm-1 on the shoulder (0.8 eV). Applying the 

procedure (commonly used for a-Si:H) proposed by Jackson et al. [Jackson 83], who 

compared the integrated defect-connected absorption with the spin density (determined by ESR) 

in his polycrystalline material, this low absorption observed in VHF-GD u.c-Si:H corresponds 

to a defect density of about 5xl015 cnr3 only. 

The most obvious assumption to explain the low defect density in our ux-Si:H is that the 

VHF-GD technique allows a very efficient passivation of the grain boundary defects 

by hydrogen. This situation is in clear contrast to polycrystalline silicon produced by high 

temperature CVD where the defect-connected absorption is very pronounced as high process 

temperatures render a passivation of the grain boundary defects impossible. Note, however, 

that post-deposition hydrogénation is possible in these materials as has been shown e.g. by 

Jackson et al. [Jackson 83] who annealed CVD polycrystalline silicon in atomic hydrogen. 

To demonstrate experimentally this important role for passivation played by the -6 % of 

hydrogen in our u.c-Si:H material we performed an experiment opposite to the post-deposition 

annealing done by Jackson et al, We stepwise annealed an as-grown midgap |ic-Si:H layer in an 

ultra pure molecular hydrogen atmosphere for 2 hours at temperatures between 3000C and 

5000C. The hydrogen, which initially saturated the defects at the grain boundaries, was by this 

treatment evolved out of the jic-Si:H film and the grain boundary defects - now 

unpassivated - appear as a prominent shoulder in the region of subbandgap absorption (see 

fig. 4.5). In addition, also a slight but measurable increase of the absorption in the region of 

visible light is observed when the hydrogen content is reduced as shown in the inset of Fig. 4.5. 

The origin of this enhancement is still not clear but indicates that the absorption in this spectral 

region is indeed somehow connected to the grain boundary region. 
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Fig. 4.5. Evolving the hydrogen out of the pic-Si:H layer by stepwise annealing in ultra pure 

molecular hydrogen up to 500°C leads to a prominent increase of the defect connected 

absorption and to a slight, but measurable increase of the absorption in the region of 

visible light (shown in the inset). 

4.2.3. Red shift of the indirect optical gap 

Thanks to the very low subbandgap absorption in our u.c-Si:H material, the shape of the 

absorption edge becomes clearly visible: Ot(E) follows a square root dependence on photon 

energy E which is characteristic also for monocrystalline silicon [Green 95] (Fig. 4.6). Hence, 

we attribute this absorption edge in iic-Si:H to the indirect optical transition from the top of the 

valence band (I^s'.v) to the minimum of conduction band (Ai1C) with the assistance of 

phonons, as for crystalline silicon. This hypothesis is further supported by the unchanged 

absorption edge between 1.1 and 1.4 eV with hydrogen evolution (see fig. 4.6). Representing 

Va as a function of energy, a straight line as for c-Si is obtained and an indirect gap, Eg, of 

about 1.02 eV for this sample can be deduced. Compared to the indirect gap of 1.12 eV in 

c-Si, the gap in VHF-GD iic-Si:H material is, thus, shifted by about 0.1 eV to the infrared. 

The origin of this red shift is not clarified yet, but different effects may be involved such as 

scattering, quantum confinement and stress. 

As our u,c-Si:H material is constituted of crystallites of small dimensions, a possible 

quantum confinement effect should be taken into consideration. However, it has been shown by 

i i i i i i i 
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4. Optical properties of jic-Si:H 

several authors who investigated in porous silicon (PS) that quantum confinement leads to a 

blue shift of the absorption edge ([Sagnes 93]) rather than to a red shift. Furthermore, quantum 

confinement was observed so far only for crystalline structures smaller than about 50 Â 

[Sagnes 93]. The crystallites in our jic-Si:H material (-200 Â) are, thus, too large for that 

quantum confinement effects could be expected. 

On the other side, X-ray diffraction experiments with a CuK0I source on VHF-GD 

[ic-Si:H revealed and enhanced interatomic Si-Si spacing of 5.46 Â in tic-Si:H compared to the 

lattice constant of 5.43088 À in c-Si. This fact indicates important tensile strain within the 

crystallites which leads to a distortion of the band structure. Studies about the effect of pressure 

on c-Si indeed found measurable changes in the band gap minima [Paul 61] and data on 

non-stress relieved monocrystalline silicon shows a shift of Ot(E) towards the infrared compared 

to stress relieved c-Si [Saritas 87]. More recent theoretical investigations on strained silicon 

grown on SixGe|.x substrates [Tserbak 95] came also to the conclusion that tensile strain splits 

up the usually degenerated valence band maxima as well as the conduction band minima, 

leading thereby to a red shift of the fundamental indirect absorption edge. However, more 

experimental evidence will be necessary here to corroborate this hypothesis. 

50 
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Fig. 4.6. Square root dependence of the absorption coefficient offic-Si.H in comparison with 

crystalline silicon. The optical gap ofßc-Si:H is red-shifted by about 0.1 eV and does not 

depend on the hydrogen content in the layer. 

In a heterogeneous material such as |ic-Si:H scattering effects must unquestionably be 

considered. The enhancement of the optical path by scattering events results in an increase of 

the apparent absorption which could manifest itself also by a red shift of the evaluated optical 

before annealing I/ 
— - after annealing f 
° c-Si [Green 95] ^ 
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4. Optical properties of uc-Si:H 

gap. Scattering in solids being a complex problem, it will be examined in some detail hereafter. 

We will show that scattering is indeed much more important in ux-Si:H than in a-Si:H and 

certainly contributes to a certain extent to the observed gap shift. However, its influence varies 

from one sample to the other and at present it is premature to draw a clear picture of the 

influence of scattering on the absorption edge of high quality p:c-Si:H materials with little 

defects. 

4.3. Scattering effects in |ic-Si:H 

As scattering effects in fic-Si:H can distort the measured absorption spectrum and, thus, 

mask the "true" absorption properties of u,c-Si:H materials, the problem of scattering will be 

addressed in more detail in this chapter. 

Scattering in solids can be due to surface, roughness and local variations of the index of 

refraction in the bulk. Both influence the optical path of the light and introduce a perturbation to 

the phase of the light wave. If the size of the scattering elements A is small compared to the 

wavelength (A < X/10), Rayleigh scattering which is characterised by a 1/X4 dependency of 

the scattered intensity, can be observed. For bigger scatterers (A = X), Mie scattering 

dominates and the variation of the scattered intensity with the wavelength is lower. The 

scattered intensity is thereby determined by the size of the scatterers, by their number and by the 

relative index of refraction of the scatterer with respect to the surrounding medium 

[VandeHulst 57]. 

The contribution of scattering to the measured absorption of light can be quantified by the 

scattering coefficient OsC. The latter forms, together with the optical absorption coefficent a, 

the extinction coefficient Ct1.: 

ae = a + asc (4.8) 

CCe is deduced from T/R measurements (without integrating sphere) and contains both light 

loss mechanisms, absorption and scattering. 

The other optical absorption measurement techniques used in this work (T/R with 

integrating sphere, PDS and A-CPM) all measure an apparent absorption aa p p(E). The 

apparent absorption contains, again, the contributions of both, absorbed and scattered light, but 

the influence of scattered light on the detected signal is more complicated in these cases as will 

be discussed later in this chapter, 

It is, however, important to note here that the apparent absorption coefficient aapp(E) 

reflects the absorption properties of a ^c-Si: H layer and gives, thus, direct information about 

the absorption behaviour of this material when incorporated into a solar cell. Hence, the 

experimentally measured apparent absorption ctapp(E) is of direct practical importance for the 

optimisation of (Je-Si :H materia! for solar cells. 
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4. Optical properties of nc-Si:H 

On the other side aapp(E) corresponds to the "true" optical absorption coefficient Ct3(E) 

(given by the specific properties of the |ic-Si:H material such as band structure, bandgap or 

defect states) only in the case when scattering effects are negligible over the whole spectral 

range. If scattering effects are important, additional experiments are necessary in order to 

evaluate the contribution of scattering to the measured aapp(E) and to deduce therefrom the 

"true" optical absorption of a given nc-Si:H material. 

As jjc-Si: H is a heterogeneous material scattering effects may a priori not be neglected. 

Scattering may be caused by the crystallites (size 50 - 200 Â) embedded in an amorphous-like 

surrounding as well as by vacancies, voids and cracks in the material. Furthermore, p.c-Si:H 

can have a rough layer surface, depending on the deposition parameters and the film thickness 

[Iqbal 83], which also will scatter the light failing on the sample. 

To estimate the influence of scattering on the measured absorption spectra aapp(E) we 

adopted the following strategy. Assuming a power law dependency on energy, the spectral 

dependence of the scattering coefficient OsC(E) can be written as: 

CCx = Ct0-E* (4.9) 

where OC0 is the scattering coefficient at 1 eV. In (ic-Si:H materials with optically smooth 

growth surface the power law exponent Ç will achieve 4 (bulk scattering of Rayleigh type only 

[VandeHulst 57]), whereas for u,c-Si:H films with rough surface the Ç will be reduced 

(2 < Ç < 4 ) due to non-negligible surface scattering fBass 95]. 
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Fig. 4.7. Inventory of the experimental methods which can be used for the evaluation of 

scattering in fic-Si:H layers for different magnitudes of scattering coefficient CC0 (= <xsc at 

I e V). 
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We determined the power law exponent Ç by measuring the intensity of backscattered light 

in the region of visible and UV light as will be described in the following chapter 4.3.1. Once Ç 

is known, it is sufficient to determine O5C at one energy point in order to evaluate asc(E) over 

the whole spectral region of interest. However, as scattering in jic-Si:H materials can vary over 

many orders of magnitude no experimental method is powerful and sensitive enough to 

determine scattering in all cases. We will, thus, propose hereafter four different techniques, 

each of them covering a certain range of scattering (see fig. 4.7), for the determination of O50 in 

Hc-Si: H. 

4.3.1. Diffuse reflection from ^c-SkH layers with rough surface 

In contrast to a-Si:H material, |ic-Si:H layers sometimes look "milky" and always present 

important diffuse back-scattering in the region of visible and near ultraviolet light which is due 

to the surface roughness of our ux-Si:H layers. We thus measured the surface topology of 

different |ic-Si:H films with a surface profiler (a-Step) and compared it to a-Si:H. The obtained 

results are represented in fig. 4.8 and clearly reveal the rugged character of the surfaces of 

certain VHF-GD p.c-Si:H layers. |ic-Si:H materials obtained under non-standard conditions 

(e.g. P200296 prepared at 130 MHz with very high dilutions of silane into hydrogen) tend, 

however, to have especially rough surfaces whereas the high quality ux-Si:H materials 

presently used in good p:c-Si:H solar cells have usually a surface roughness similar to the layer 

P160296. 

On the other side, the suppression of the specular reflectance for the benefit of the diffuse 

reflection due to a rough surface can also be calculated analytically. For a surface with a 

Gaussian roughness distribution, it has been shown by Filfnski [Fih'nski 72] that the 

attenuation of the specular reflection is given by: 

-£- = exp[-A<p2
R) = exp 

where Rs is be the specular reflection that would have a perfectly flat surface (given by 

Fresnel's law) and where R1- is the specular part of reflection measured from the rough surface. 

A*R is the roughness induced phase shift of the reflected light beam, rio the index of refraction 

of the medium where the reflection takes place (n0 = 1 for air) and a is the r.m.s. value of the 

surface roughness. 

The ratio between the measured specular part of reflection R1- and Rs (measured total 

reflection with integrating sphere) on the amorphous and microcrystalline layers of fig. 4.8 are 

shown in fig. 4.9 and fitted by expression 4.10. The values for the surface roughness c thereby 

deduced correlate very well with the previously obtained surface profiles of fig. 4.8 and thus 

confirm a direct relationship between the back-scattered light intensity and the surface 

roughness. 

4KOn, 
(4.10) 



P200296 

4. Optical properties of jxc-Si:H 

1 

IcA 
0.4 F 

P160296 

0.2 

0.0 m^MJ^'-a/w^ 
-0.2-

-0.40-

kÀ 
0.4 r 

20 40 
/im 

P130296 

60 80 

0.2 

0.0 

-0.2 

W^^jv^J\^/^\f^ 

-0.4¾ 
20 40 

pia 

a-Si:H 

60 

-0.4 

Fig. 4.8. Surface topology of three {Ic-Si.H and one a-SvHfilm measured by an a-step surface 

profiler. Whereas the surface ofa-Si.H is optically flat, the Hc-Si:H layers show a more 

or less pronounced surface roughness, depending on the deposition conditions used. 
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Fig. 4.9. Surface roughness a deduced according to equation 4.10 from total reflectance (Rs) 

and the specular reflectance (Rr) measurements for the four samples from fig. 4.8. 
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Fig. 4.10. Backscattered light intensity measured on a mirrorlike ]Jc-Si:H layer (P080796) and 

on two fic-Si;H samples which look slightly "milky" to the eye (P 160296 andP200296). 

The 1/X4 dependency observed on the smooth sample indicates bulk scattering of 

Rayleigh type. The power law exponent of the "milky" samples is reduced as surface 

scattering becomes dominant. 
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4. Optical properties of m>Si:H 

The increase of the backscattered light intensity with wavelength is shown in fig. 4.10. 

Whereas the (xc-Si:H layer P080796 is mirrorlike (o = 16 nm), the other samples have an 

increasingly rough surface (see fig. 4.8) and a "milky" appearance. For the sample with 

optically smooth surface a 1/X4 dependency of the diffuse reflection is observed, indicating, 

thus, that scattering in this sample is of Rayleigh type (small scatterers) and dominated by the 

bulk properties (small voids etc.). For the sample with very rugged surface (P200296) the 

diffuse backscattering is further enhanced by surface scattering and the power law exponent is 

reduced here to about Ç = 2.4. 

4.3.2. Scattering measured by CPM 

For fic-Si:H materials with weak scattering (cc0 ^ 100 cm-') the CPM can be used to 

determine the scattering coefficient in the region of low absorption. Developed by Favre et ai. 

[Favre 89] for a-Si:H, the method consists of measuring the absorption spectrum by CPM 

using samples with different interelectrode spacings (fig. 4.8). 

aluminium hv 
contact J> A 1 contacts 

Fig. 4.1I. Schematical picture of scattering in a thin ixc-Si:H layer with waveguiding properties 

(left): a photon which is scattered into an angle > 6C remains confined in the layer and is 

finally absorbed. If the photon is absorbed within the contacts it contributes to the ' 

photocurrent, otherwise it is not "seen " by the CPM Technique. By varying the contact 

configuration (right picture) the contribution of scattered light to the CPM signal can be 

regulated and the scattering coefficient Ctsc can be evaluated (see text). 

Thereby, one part of the light penetrating into the layer is directly absorbed, but another 

part is scattered in the film. Due to the waveguiding properties of a silicon layer (index of 

refraction: nsi = 3.5, rigiass = 1-5, nair = 0- most of the scattered light will travel along the 

layer and will finally be absorbed. If the scattered photon is absorbed within the illuminated 

area between contacts (fig. 4.11), it will contribute to the photocurrent and enhance the 
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4. Optica] properties of tic-Si:H 

measured absorption. By changing the contact configuration, more or less of these scattered 

photons will be absorbed, allowing, thus, an evaluation of the contribution of scattered photons 

to the total absorption. 

The theoretical calculations have already been presented elsewhere [Favre 89]. In order to 

be able to express the absorbed light intensity (including scattering) analytically, three 

assumptions must be fulfilled: 

1} CtnDSl, Ct0WZl 

2) ascD<l, airWZl 

3) scattering is isotropic 

These assumptions state that the scattering coefficients ctsC estimated by this method will 

only be valid for the spectral region of low absorption and low scattering (propagation distance 

between two scattering events larger than W and D). 

The ratio of the absorbed light intensity Ia to the incident intensity I0 can men be expressed 

as: 

^ = <l-ascd)aad + ^jdFJS(n){l-exp(-aaR(W-DM))dQ\ (4.11) 

• ~^r~ • 1 
(D (2) 

where (1) is the part of light which is directly absorbed and (2) is the part which is only 

absorbed after being scattered once. By further simplifying the interface reflections and the 

quadratic term a^deta-d the following result is obtained [Favre 89]: 

aCPM=aa + X(W,D)aseaa ( 4 ! 2 ) 

X(WtD) = llni + C0^.\^nt^lA + ̂ (l.A)] (4.13) 
1 K l~cos8c 14 1-sinA 2 \2 ) \ 

where 8C is the critical angle for total reflection (=25° at 1 eV) and A=arctg(W/D). 

This CPM technique as described here allows the evaluation of weak scattering in in the 

range of 0.1 < a 0 < 10 cm-1 . Typical values of a s c in a-Si:H prepared by the VHF-GD 

were found to be around 2 cm-1 in the region of dangling bond absorption (1.2 eV) 

[Favre 89], [Vanëcek90]. 
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Fig. 4.12. Apparent absorption of a "mirror-like" flc-Si:H layer (P130296) measured by CPM 

with three different contact configurations [Poruba 97]. Whereas for the larger contacts 

(a) and (b) the apparent absorption is enhanced due to scattering, the measurement with 

contacts having a very narrow gap (c) corresponds almost to the "true" optical absorption. 

The curve referred as to calculated "true" absorption (open circles) is deduced according 

to an extended theory, taking also into account multiple scattering in the layer 

[Poruba 97}. 

The absorption spectra measured on p.c-Si:H with different interelectrode spacings clearly 

show an influence of scattering on the measured defect absorption and indicate considerably 

enhanced scattering in this material as compared to a-Si:H [Beck 96-3]. However, a more 

precise determination of a s c has been so far problematic as even for the usually smallest 

electrode configuration used (D=0.5 mm, W=S mm) the assumption (2) was not fulfilled and 

all scattered light was absorbed within the contact area. Only recently the development of 

"microscopic" metal contacts (D=30 \xm, W=2.2 mm) by Poruba and Vanëcek [Poruba 97] 

allowed a quantitative measurement by CPM of agC in ^ic-Si:H with medium scattering in the 

range between 10 < a 0 < 100 cm - 1 . Furthermore, the simple theory presented above was 

completed by taking into account also multiple scattering events. First measurements on 

VHF-GD ux-Si:H material show that this improved CPM for the evaluation of scattering is 

especially suited for p.c-Si:H layers with optically smooth surfaces where bulk scattering is 

a s c (4OxE") 

c-Si 

CPM a for 
app 

different contact 
configurations : 
(width x length) 

— 0.08 x 2.2 mm 
— 0.5 x 8 mm 
— 2.5 x 8 mm 

calculated "true" a 
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4. Optical properties of uc-Si:H 

dominating. A bulk scattering coefficient of about Ot0 = 40 cm-1 was thereby determined in a 

uc-Si:H layer with smooth layer surfaces [Poruba 97] (fig. 4.12). However, in near future and 

with the help of this new technique, more measurements need to be performed on |ic-Si:H 

materials in order to deduce the characterisitic features in the "true" absorption spectrum of 

fic-Si:H (free of scattering effects) and to answer the question about the observed red shift of 

the optical gap in VHF-GD material. 

4.3.3. Scattering measured by specular and diffuse TVR 

The easiest way to detect relatively strong scattering (aD > 100 cm"1) in |tc-Si:H 

material is to look at the interference fringes of the transmission spectra at wavelengths where 

the u,c-Si:H is transparent. If scattering is weak or negligible, the maxima of the transmission 

curve are determined by the glass substrate only [Swanepoel 83]: 

T™=^h (4-9) 

where ns is the index of refraction of the substrate and n that of the ux-Si:H layer. The 

transmission minima are given by the properties of both, the u\c-Si:H layer and the glass 

substrate and can, thus, be used for the determination of the index of refraction of the uc-Si:H 

material [Swanepoel 83]: 

1̂n = , tfï* A (4-10> 
n 4+n2(n,+J) + ns 

Assuming an index of refraction of about 1.5 for the glass substrate, the maxima should 

attain 92 % of transmission, the minima around 40 % (depending on the index of refraction of 

the uc-Si:H material). If, however, a non-negligible part of the light is scattered by the |ic-Si:H 

layer the contrast of the interference fringes is reduced. 

Note, that also thickness inhomogeneities can also lead to a similar reduction of the 

amplitude of the interference fringes [Swanepoel 84]; the influence of the latter can, however, 

be reduced by illuminating a small spot of the layer surface only. 

In fig. 4.13 we plotted the transmission spectra measured on two of our uc-Si:H layers. 

For the layer (a) which has been shown to have smooth surface (see fig. 4.8) the transmission 

extrema reach the values predicted by theory. This means that in this uc-Si:H film scattering is 

far too weak (Ct0 < 100 cm"1) in order to be detected by this method. On the other side, for the 

uc-Si:H sample (b) the modulation of the interference fringes is clearly reduced due to important 

scattering. Hence, for this sample the scattering coefficient ctsC can be calculated in the region 

where p.c-Si:H is transparent (below 1.1 eV) from the geometric mean Tgegm = TJT^~T~ of 

the transmission spectrum [Swanepoel 83], taking into account the spectral variation of the 
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index of refraction nsi. A scattering coefficientof about 250 cm'1 (at 1 eV) was deduced for the 

sample P160296 [Poruba97]. 

0 l - ^ I 
600 800 1000 1200 1400 1600 

Wavelength [nm] 

fig. 4.13. Measured transmission of two ^c-Si:H layers of comparable thickness. Layer (a) 

looks mirrorlike to the eye and shows almost perfect interference fringes, whereas layer 

(b) has a "milky" aspect and exhibits reduced interference fringes due to scattering. 

For u.c-Si:H layers with extremly rough growth surface, surface scattering can become 

very important, resulting in scattering coefficients O0 > 1000 cm"1 (= otsC > 5000 cm"1 at 

2 eV). For such rather unusual ux-Si:H materials scattering can be detected quite simply by 

measuring the the specular and scattered transmission spectrum of such fic-Si:H layers. 

To measure the specular transmission we placed the radiation detector at some distance 

behind the sample in the axis of the incident light beam and recorded its attenuation by the layer 

(fig. 4.14). The transmission signal Tspec is given by the part of penetrating light which is not 
scattered and not absorbed and can be expressed as: 

Tspec = C - Ä/)(i- A2)(J- R3)exp{-ad)exp{-ascd) (4.14) 

where Rj, R2 and R3 are the reflection coefficient of the surfaces and interfaces (see 

fig. 4.1)1 a the absorption coefficient, asc the scattering coefficient and d the u,c-Si:H layer 

thickness. 

In a second run an integrating sphere (Ulbricht sphere) is placed directly behind the sample 

in order to collect both, the specular and scattered transmitted light intensity Twl (fig. 4.14). 

Deducting therefrom the specular part of transmission Tspec, the scattered transmission Tscat is 

obtained. Tscat is composed of the part of the light which is scattered into a small angle which 

does not allow total reflection (G < 0C = 23°) and which is not absorbed: 
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Fig. 4.14. Experimental set-up for specular transmission (a) and total transmission 

measurements (b). 

Tscm= [1-R1)[I- R2)[I -R^exp^ad^fl-expi-a^C, (4.15) 

where dcff = d/cos9 = d for scattering angles smaller than 9C. Ce is given by (1 - cos0c) 

and represents the fraction of space, delimited by the cone of the total reflection angle 9C, which 

does not allow the scattered photon to be totally reflected and absorbed. Assuming nsi = 3.9 (at 

2 eV) in this spectral region, CQ is about 0.08 (for the escape cone given by the silicon - glass 

interface). Note, however, that Ce strongly depends on the index of refraction of jic-Si:H (and 

its variation with energy). As so far we have no precise knowledge about n(jic-Si:H), the latter 

will limit the precision of this method. 

Combining both equations 4.14 and 4.15, the scattering coefficient Ox can be deduced: 

^ = Cg[exP[+ascd)-l] (4.16) 
"spec 

In fig. 4.15 the transmission spectra of a |Xc-Si:H layer with high surface roughness (see 

fig. 4.8) measured with and without integrating sphere are shown. The difference between Tt01 

and TSpec in the region free of interference fringes was then used to calculate a^ according to 

equation 4.16 and the result is plotted in the same figure. In agreement with diffuse reflection 

measurements (see fig. 4.10) a spectral dependency of the scattering coefficient aM ~ E 2 5 is 

obtained and an Ct0 value of 1600 cm"' is deduced. In this region of strong absorption the 

absorption coefficient and scattering coefficient add linearly (aapp = a + Ot51;) and therefore 

scattering will influence in this particularly hazy ux-Si:H sample (produced by highly diluting 

silane in hydrogen) the apparent absorption in the whole energy region represented here. 
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1 0 5 C — i — i — i — i — i — | — I 

Fig. 4.15. Specular transmission and total transmission measured on a highly diluted flc-Si:H 

sample which shows strong scattering (P200296). The scattering coefficients asc deduced 

from these measurements are shown in the picture on the right side in comparison to the 

measured apparent absorption coefficient cCapp. 

4.4. Conclusions and outlook 

We have measured the optical absorption properties in VHF-GD jic-Si:H materials with the 

help of the Constant Photocurrent Method, the Photothermal Deflection Spectroscopy and 

Transmission/Reflection measurements between 0.6 eV and 2.5 eV. We thereby observed 

enhanced optical absorption, compared to crystalline silicon, over the whole spectral range 

together with a shift of the absorption edge to the infrared by about 0.1 eV. Furthermore, our 

measurements confirm a very low defect-connected absorption in our high quality VHF-GD 

material (less than 1 cm-1 at the shoulder at 0.8 eV) which was demonstrated to be the result of 

an almost perfect passivation of the grain boundaries by hydrogen. Note, that this value can be 

considered as an upper limit as the influence of scattering is most important in this spectral 

region of very low absorption. 

The enhanced and extended absorption of light combined with a very low defect density in 

our high quality VHF-GD material is strongly favourable for solar cell applications as it allows 

an important reduction of the cell thickness while still absorbing a major part of the sunlight. 

The physical processes governing these rather uncommon absorption properties of VHF-GD 

px-Si:H material turned out, to be manifold and at the present stage of the knowledge not all of 

them can be explained. As scattering effects in nc-Si:H layers are clearly enhanced (compared to 

a-Si:H) and therefore may mask the "true" material-related optical absorption properties (given 

by band structure, band gap etc.) a foregoing study of scattering in |J.c-Si:H became necessary. 
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Four experimental techniques were developed which allow a quantitative evaluation of the 

scattering coefficient in p.c-Si:H layers. We thereby found that both, the rough growth surface 

as well as the p.c-Si:H bulk material (voids) can give rise to measurable scattering. Depending 

on the deposition conditions used, the evaluated scattering coefficient can vary in a wide range 

(ctscU eV)» 50-2000 cm-1). 

The influence of scattering on the measured absorption spectra is still subject of 

investigation. However, some trends can already be drawn from our measurements: 

Scattering contributes at least partially to the observed red shift of the optical gap although 

other reasons such as important internal strain could not be excluded so far. The enhancement 

of the optical absorption in the region of visible light can neither be explained by the remaining 

amorphous fraction (usually 5 10%) in the u,c-Si:H material nor by scattering. Further work 

will be necessary here in order to clarify if a relaxation of the k-selection rule for silicon atoms 

situated on the grain surfaces can account for this effect. 
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5. ELECTRICAL PROPERTIES OF HYDROGENATED 
MICROCRYSTALLINE SILICON 

This !asi section will be devoted Io the study of the transport properties in u.c-Si:H. As for 

p,c-Sì:H we cannot at present have recourse to established characterisation methods nor 

transport models {as is the case for the more extensively studied a-Si:H); our approach here will 

be, however, more basic. Furthermore, in order to keep the complexity within a reasonable 

limits, we will restrict ourselves in this work to the study of electrical transport in dark 
conditions. 

We will start with some characteristics of the dark conductivity of jic-Si:H material and 

present the grain boundary trapping model which is widely used to describe the electrical 

transport in polycrystalline silicon. 

We will then for the first time apply the Time of Flight (TOF) technique to px-Si:H material 

in order to monitor the carrier transport parallel to the growth direction. However, as u,c-Si:H is 

a new material, a foregoing re-examination of the experimental conditions was necessary. We 

will then present first measurements of drift mobilities and uvr products on ux-Si:H layers and 

cells by TOF; we will furthermore "scan" the "gap" of p.c-Si:H for defects by post-transient 

TOF. The preliminary results obtained so far demonstrate the potential of the TOF technique for 

the characterisation of u.c-Si:H. 

5.1. Introduction 

Several researchers have already investigated the electrical transport properties in poly- and 

microcrystalline silicon. They studied the variation of the dark conductivity (and of the Hall 

mobility) with the incorporation of dopants (phosphine or diborane) in polycrystalline silicon 

with unpassivated grain boundaries [Seto 75], [Podbielski 84] and in ue-Si:H, where the use 

of low-temperature deposition processes allows for a more efficient passivation of the grain 

boundary defects by hydrogen ([LeComber 83], [Konuma 87], [Lucovsky 93], 

[Flockiger 95]). Even though the studied materials had various structures and qualities, their 

electrical transport exhibits a similar characteristic behaviour which was explained by the grain 

boundary trapping model, introduced by Seto [Seto 75]. 

However, the dark conductivity and Hall measurements draw in our opinion only an 

uncomplete picture of the electrical transport properties in |i.c-Si:H. They do not give any 

information about the carrier lifetimes even though these are of paramount importance for the 

operation of a p-i-n solar cell. Furthermore, the measurement of the Hall mobility in midgap 

Hc-Si:H with low dark conductivity (the material which is of interest for solar cell applications) 
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is still problematic, and its interpretation, also, is not at all straightforward. In fact, the Hall 

mobility is, for the sake of simplicity, usually identified with the band mobility. This may be a 

valid approximation for extrinsic materials, but it becomes questionable in the case of intrinsic 

p.c-Si:H where no type of carrier clearly prevails. 

In this work we followed up a somehow different approach. We used the rather standard 

determination of the dark conductivity as an estimate of the contamination level in the studied 

Hc-Si:H materials, but above all we performed mainly Time of Flight (TOF) measurements. 

TOF has the advantage to monitor the carrier transport parallel to the growth direction and, 

furthermore, TOF can be performed directly on solar cell devices. It can give precious 

information about the drift mobilily and the mobility-lifetime product of electrons and holes, 

information which is lacking from dark conductivity measurements. Furthermore, the extension 

of the TOF experiment to longer times (posttransient TOF) allowed us to trace the electrically 

active defects in the gap of the u,c-Si:H material. 

5.2. The dark conductivity of uc-Si:H 

The measurement of the dark conductivity (Od) is probably the easiest experimental test to 

obtain a first information about a semiconductor layer (provided that ohmic contacts are 

available). Applying an electric field E to the sample, the free electrons and holes experience a 

force e-IEI and start to move. This transport of carriers under the influence of the electric field 

gives rise to a drift current density which can be measured: 

Jdrifi = o-E> (5.1) 

where CT is the conductivity defined as: 

a = (n?,nfe + ß°pPfe) (5.2) 

and where (In
0 and u.p° are the band mobilities of electrons and holes, nf and pf the free 

carrier densities in the dark and e the elementary charge. 

Experimentally, Od is measured as a function of temperature and often exhibits a single 

activated behaviour over the studied temperature range: 

od=°0-exr{-£ff-) (5.3) 

where CT0 is called "dark conductivity prefactor", Eacl is the dark conductivity activation 

energy and kT is the thermal energy. 

In polycrystalline silicon with unpassivated grain boundaries, the dark conductivity has its 

minimum value for undoped material where the defect-rich grain boundary regions pin the 

Fermi level down to midgap. If dopant atoms are added to the material, the conductivity starts to 
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rise, at first very gradually, but then showing suddenly a pronounced steep increase at a 

characteristic doping concentration (around 2xl018 cm-3 in [Seto 75]). 

The situation is, however, different in fic-Si:H deposited by low-temperature processes, 

where hydrogen can indeed almost completely passivate the grain boundary defects (see fig. 

4.5). As the Fermi level pinning is much less pronounced in these p;c-Si:H layers, the dark 

conductivity becomes here a much more sensitive monitor for the impurity contamination level 

here. This is the reason why as-grown, undoped ux-Si:H exhibits a n-type character which is 

caused by incorporated oxygen impurities [Vepfek 83], [Torres 96). To overcome this 

undesired n-type behaviour, small traces of diborane can be added to the gas phase in order to 

compensate this "oxygen doping" [Lucovsky 93], [Flockiger 95], [Meier 96]. This 

compensation is accompanied by a decrease in the room temperature dark conductivity, the latter 

reaching a minimum value in the lower IO"7 (Qcm)-1 range and a maximum activation energy 

of ~ 0.54 eV for u.c-Si:H layers deposited by the VHF-GD technique (see fig. 5.1. - data 

reprinted from [Meier 96]). 
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Fig. 5.1. Dark conductivity and corresponding activation energy as a function of boron doping 

for a series of VHF-GD px-Si:H deposited at 110 MHz (data replottedfrom (Meier 96]): 

the as-grown n-type character offtc-Si:H can be compensated by the incorporation of 

small amounts of boron in the material. 

The other approach to overcome the n-type character of px-Si:H is to reduce the oxygen 

content in the material to an insignificant level. In c-Si the maximum solubility of oxygen is 
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about 2-3xlOi8 cm-3 [Möller 93]. For concentrations up to this value, oxygen atoms can 

occupy an interstitial position between two silicon atoms where they are electrically inactive, If 

the oxygen content exceeds this value, oxygen starts to replace silicon atoms in the lattice 

(creating thereby a donor level at Ec - 0.17 eV) and introduces various oxygen-vacancy 

complexes which give rise to electrically active defects in the gap of c-Si. The [ic-Si:H material 

deposited by the VHF-GD technique typically contains around IxIO20 cm*3 of oxygen atoms 

(by SIMS). However, the installation of a gas purifier in the feed gas line can drastically reduce 

the oxygen contamination of the sitane gas and thereby its incorporation into the growing 

|ic-Si:H layer. Controlling at the same time the outgasing rate from the reactor walls, Torres et 

al, [Torres 96] have shown that the oxygen content can be reduced by this technique to about 

3xl018 cm"3, and that dark conductivity values as low as 2xl0"7 1/flcm, together with an 

activation energy of - 0.54 eV, can be achieved without any boron doping, this time (provided 

that the growth rate is high enough). It is, thus, the interplay of at least Ihree components, 

namely the feed gas purification, the outgasing rate and the growth rate which determines the 

oxygen contamination of a grown fic-Si:H layer. 
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Fig. 5.2. Variation of the room temperature dark conductivity for two series (one with changing 

dilutions of sitane into hydrogen, the other with different input powers) of purified 

fic-Si.H films as a function of the deposition rate: An increase in the deposition rate can 

help to further reduce the oxygen incorporation into the fW-Si:H layer. 

The extent to which the deposition rate can influence the dark conductivity of |ic-Si:H is 

illustrated in fig. 5.2, where we have plotted the measured dark conductivities of two series of 

p.c-Si:H layers, both deposited with the help of a gas purifier, as a function of the deposition 
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rate. Even though the two series were deposited under quite different conditions (one by 

changing the dilution of silane into hydrogen [Beck 96-3], the other by changing the input 

power), they both show the value of rj<i to decrease significantly as the deposition rate is 

increased. 

5.2.1. The grain boundary trapping model 

The model most widely used to explain the variation in dark conductivity (and in Hall 

mobility) with doping for poly- and microcrystalline silicon with doping is the model introduced 

by Seto [Seto 75]. It claims that the transport properties of poiycrystalline silicon films are 

governed by carrier trapping at the boundaries, leading to the creation of potential energy 

barriers at the grain boundaries which impede the motion of carriers from one grain to the other. 

For his calculations, Seto assumed identical grains of size y, grain boundaries of negligible 

thickness with a number of traps (QT) and a uniform distribution of ionised impurity atoms N in 

the crystallites. 

(b) 

" "Qf ' % 
— A — E 

». I 

y 

Q,/y doping concentration 

Fig. 5.3. Schematical representation of the low-doping regime (a) and the high-doping regime 

(b) according to [Seto 75], For low doping levels, the entire grain is depleted of carriers 

and the potential barrier between the grains increases linearly with doping. For doping 

levels higher than Qj/y'the grains are only partially depleted and Vg decreases inversely 

proportional to the doping level. This variation of the grain boundary height with doping 

is shown in fig. (c). 
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The grain boundary traps Qx are assumed to be initially neutral. They become, however, 

charged as free carriers from the crystallites are trapped, forming thereby depletion regions on 

both sides of the grain boundaries (see fig. 5.3). Depending on the available density of free 

carriers and the number of the grain boundary traps, the formed depletion regions become more 

or less pronounced. One can discern two main regimes (see fig. 5.3 (a) and (b)): 

YN < Q T (low doping - (a)): in undoped or slightly doped poly- or microcrystalline 

material the number of impurity atoms (and therefore also the free carrier density) in the 

crystallites is low. The number of available free carriers is, thus, not sufficient to completely fill 

the grain boundary defects Oj-. As a consequence, the depletion region built up around the grain 

boundaries will extend throughout the whole grain, depleting the latter almost completely from 

free carriers. The height of the potential barriers built up at the grain boundaries can be 

calculated using Poisson's equation, putting the depletion width W equal to y/2: 

VB=ey2NJ8e (5.4) 

where e is the dielectric constant and e the elementary charge. The potential barrier VB at the 

grain boundaries will, thus, grow linearly with the impurity (or doping) concentration. These 

potential barriers will more and more impede the transit of free carriers from one grain to an 

adjacent grain which results in a decrease of the effective free carrier mobility (mff), given in 

this model by thermal emissions of free carriers over these potential barriers: 

^ = / ^ ( - ¾ (5.5) 

where e is the elementary charge, kT the thermal energy and ^0 a mobility prefactor which 

varies linearly with the grain size and which represents the mobility in the crystalline lattice. 

The variation of the free carrier density nf(N), H«ff(N) and the dark conductivity Od(N) as a 

function of the doping (impurity) concentration N in this Seto-model is schematically shown in 

fig. 5.4. Note, that the experimental results presented by Seto [Seto 75] (assuming the 

measured Hall mobility to be equal to û ff) indeed reflect such behaviour. 

vN > Q T (high doping - (b)): doping further the poly- or microcrystalline material, a 

critical concentration NCrit is achieved and the number of available free carriers *yN is equal to 

the grain boundary trap density Qr: 

Ncril=QT/r (5-6) 

As all grain boundary traps will be completely filled now, a further increase of the doping 

concentration will sharply increase the free carrier density and the depletion region will become 

confined close to the grain boundary regions (W « y) as illustrated in fig. 5.3 (b). The apparent 
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Fermi level in the crystalline phase will now be given by the doping concentration directly and 

the potential barriers between two grains will rapidly decrease according to: 

VB = e$/8£N (5.7) 

As a direct consequence, according to equation 5.5, the effective mobility [ieff will 

overcome its minimum value and steeply increase again. The qualitative changes of nf(N), 

MefftN) and the Od(N) with doping are, again, plotted in fig. 5.4. 

dark conductivity 

doping concentration (cm 

Fig. 5.4. Schematical representation of the changes of the free carrier density nj, the effective 

mobility \iegand the dark conductivity Odos a function of the doping concentration in the 

grain boundary trapping model. For a critical doping concentration Ncrjt = Qi/y the 

number of free carriers per grain equals ike number of grain boundary traps and the 

effective mobility reaches its minimum value. 

5.2.2. Critical reflections about the grain boundary trapping model 

The application of the grain boundary trapping model to polycrystalline silicon [Seto 75], 

but also to glow-discharge ^.c-Si:H [LeComber83] gave convincing results. We would, 

however, like to expose here some critical reflections on this model when applied to intrinsic 

(lc-Si:H with small grains (some hundreds of Â). 

The grain sizes of the material studied by Seto are, in fact, very similar to that of our 

VHF-GD nc-Si:H material, namely about 200 A. The important difference resides, as already 

shown in ch. 4.2.2, in the passivation of the grain boundary defects. In Seto's poly-Si 

material, deposited al relatively high temperatures (6500C), the grain boundaries are 

unpassivated and present a high trap density of about 3 x l 0 1 2 era -2. Contrary to this, the 

low-temperature VHF-GD process (< 2500C) used for the deposition of our jic-Si:H material 

allows a very efficient passivation of the grain boundaries by 
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hydrogen and the defect density in the material can be reduced to about 5xl0 1 5 cm -3 

[Beck 96-2]. To give a more palpable feeling about this value, let us make the following 

estimation, inspirited by Overhof et al. [Overhof96]: for the sake of simplicity we will assume 

ux-Si:H material to be composed of identical cylindrical grains with a diameter of 200 A, a 

length of 1 urn and a defect density of 5xl015 cm-3. Assuming, furthermore, an atomic 

density of 5xl022 cm~3 (as for c-Si), we can estimate, that about 1.6x107 atoms constitute a 

single grain and therefrom about 8.6XlO5 atoms decorate the grain surface. From these values 

wc can deduce that approximately one single atom per grain is forming a defect. Similar 

considerations can be made w.r.t. the contamination with impurities which is typically in the 

order of 2xl0 ' 8 cm'3 for the case of oxygen. We deduce that about 600 impurity atoms 

"contaminate" each grain. In our opinion it is questionable for such small concentrations, to talk 

of "densities" as is the case for the grain boundary trapping model. 

From this point of view doubt may also be risen about the mobility in the grain boundary 

trapping model where the mobility said to be mainly governed by the thermal activation over 

potential barriers at the grain boundaries. In the image we have, free carriers are in permanent 

interaction with grain boundaries due to their thermal movement. In a c-Si lattice, free carriers 

typically cover about 10"5 cm between two scattering events. This means that the mean free 

path is much longer than the grain size of our ue-Si:H material as illustrated in fig. 5.5. It is 

therefore conceivable that free electrons and holes travel through the crystalline phase without 

any impediment, but that they experience strong and frequent scattering, trapping and 

recombination processes when randomly brought in contact with the surrounding grain 

boundaries. In this model the mobility of the free carriers will be determined by the smallest 

dimension uf the crystallites (i.e. by the 200 Â diameter for the case of our elongated 

cylindrical crystallites) which will limit the mean free path of the carriers. 

Note, that the above reflections were developed particularly for our low-defect VHF-GD 

[ic-Si:H. The situation is quite different for the original polycrystalline material as studied by 

Seto [Seto 75] as the unpassivatcd grain boundaries in his material present about 104 times 

more defects. The grain surfaces in such materials will, thus, be decorated by much more 

defects than in our uc-Si:H material and the "Seto-model" may be correct here. On the other 

side, Seto studies the influence of boron doping on the transport parameters, starting from 

doping concentrations as low as 101^ cm-3. Such concentrations are, however, far too small to 

supply each grain with at least one impurity atom. We thus have doubts about the correctness of 

the grain boundary trapping model applied to poly- and microcrystalline materials for such low 

impurity concentrations. 

At the present state of the knowledge our critical reflections on the validity of the 

long-established "Seto model" are, however, purely speculative. Systematic experiments will 

be necessary in future to confirm or to reject one or the other model in the case of low-defect 

fic-SÌ:H material (such as studied in this thesis). These measurements are, however, outside of 
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the scope of the present work. A first step towards such systematic investigations consists in 

the "preparation of the necessary tools" and this was done in the present work. We will, 

therefore, retain from discussing our experimental results in the context of a given model; but 

we will rather restrict ourselves to the presentation of experimental data. 

Fig. 5.5. Schematical illustration of the random thermal movement of free carriers in a 

crystalline silicon lattice (black arrows) in comparison to the dimension of the crystallites 

in pc-Si:H (drawn in grey). 

5.3. Time of Flight measurements on |ic-Si:H 

We have, to our knowledge, for the first time applied the Time of Flight (TOF) 

measurement technique to |ic-Si:H. Our work was thereby motivated by three advantages of 

this technique. First, it is possible to measure the electrical transport (in the dark) parallel to the 

growth direction, and, secondly, the transport can be studied for electrons and holes 

independently. Last but not least, the TOF measurements can in principle be performed on 

standard solar cells where only the top contact needs to be modified. This third point is of 

special importance, as there are justified presumptions that for identical deposition conditions 

the properties of |ic-Si:H material strongly depends on the underlying substrate [Torres 95], 

[Kondo 96], 

Note that a general introduction to the TOF measurement technique has already been given 

in ch. 1.4 and will thus not be repeated here. However, we will discuss briefly in the following 

chapter some of the experimental conditions which are difficult to be fulfilled for nc-Si:H. 

5.3.1. Particularities of the TOF method applied to |ic-Si:H 

Before applying the TOF technique to our u,c-Si:H material we checked some of the 

experimental conditions listed in ch. 1.4.1 such as the dielectric relaxation and the RC constant 
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of the system, The (ic-Si:H thereby exhibited some particularities which will be discussed 

hereafter. 

P060297: nip (electrons) 

IO'8 IO'7 

time [s] 

Fig. 5.6. Current transients of electrons for a 5.5 fJjn thick n-i-p cell (dark conductivity of a 

film produced under identical conditions: 5 X- ]0~8 1/Qcm). Even though the delay of the 

laser pulse after the application of the voltage to the sample was changed by 3 orders of 

magnitude, the changes in the transients keep within the experimental errors. 

The dielectric relaxation time 

In inidgap px-Si:H the dark conductivity is around 10-7 1/ficm. According to equation 1.21 

the corresponding dielectric relaxation time T$ie] is around 10"5 s and we expect the electric field 

in the sample to be screened out within this same time. In order to guarantee an unchanged 

electric field in the p.c-Si:H sample during the whole experiment, the TOF measurement must 

thus be carried out within this time period Tdiel- As such short relaxation time may be critical, 

wc wanted to check the fulfilment of this condition (1.21) experimentally. We increased the 

delay of the laser pulse after die application of die voltage to the sample from 4 x 10"6 s up to 

4 x 10-3 s and recorded the current transients. The result is represented in fig. 5.6: the current 

transients are unchanged for all laser pulse delays and we do not observe any collapse of the 

current signal due to a screening of the electric field. This surprising fact is in clear contrast to 

the situation in a-Si:H and we will explain it later on in this chapter. 
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The RC "constant" 

An approximate knowledge of the sample capacitance C s is required for a correct 

measurement by the TOF technique.' As shown in fig. 5.7, Cs forms, together with the shunt 

(and contact) resistor R, the RC5 constant of the system and determines (in the current mode of 

TOF) the time resolution of the experiment: for times shorter than RCS, the electrical circuit is 

not able to replenish the charge on the electrodes of the sample capacitance. Consequently the 

current transients are distorted and become only relevant at times longer than RCS. 

n 
i 

P 

ITO 

jtc-Si :H 
=¾¾¾¾¾;¾¾¾^¾¾¾ 'SnO2 

j ^ ^ ^ ^ ^ ^ ^ ^ ^ H glass 

Fig. 5.7. Equivalent electrical circuit of the sample structures used for TOF measurements. The 

layer configuration (with two blocking Cr contacts) as well as the p-i-n solar cell structure 

(in reverse polarisation) can be represented as a capacitor with a parallel and series resistor 

Rp and Rs which form together with the shunt resistor Rshunt the RC constant of the 

system. 

To estimate the sample capacitance we used two different techniques. On one side we 

determined the RC decay of the polarisation current after the application of the voltage pulse to 

the sample (for a known shunt resistor of typ. R = I O kO.). On the other side we measured Cs 

by a commercial impedance analyser (HP 4192A LF) with a bridge configuration that allows 

for a capacitance and conductance measurement in the frequency range between 10 Hz and 

IO MHz. Using these techniques of capacitance measurement, we came accross two 

unexpected particularities of our u,c-Si:H. In the case of a-Si:H the measured sample capacitance 

Cs is close to the calculated geometrical capacitance Cg: 
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5. Electrica] properties of iic-Si:H 

where A is the sample contact area, d the sample thickness and e the dielectric relaxation 

constant (£ = 12-£0 = 10-12 As/Vcm for c-Si). This, however, does not hold for our fic-Si:H 

layers where the sample capacitance is significantly higher than Cg. Furthermore, Cs is not a 

constant, but changes with the applied voltage, and, consequently, also the value of the 

RC-product (i.e. of the "time constant") becomes voltage dependent. This second fact is 

particularly "annoying" when performing TOF measurements as the RC signal may now easily 

be confused with a real carrier transit signal; therefore, special attention must be paid to this fact 

when measuring. 

Field distribution in pc-Si:H samples 

The above observations, namely the enhanced and voltage dependent capacitance as well as 

the absence of a screening effect, allows for two possible explanations. 

The first one suggests a very quick screening within the sample and a concentration of the 

electric field to the interfaces at the bottom and the top of the sample as illustrated in fig, 5.8.a). 

For this case, the screening would be too quick to be observed by our experiment and the 

sample capacitance would be given by the two large junction capacitances formed by the space 

charges near the interfaces. As the width of these space charge regions is voltage dependent, a 

change of Cs with applied voltage can be expected. 

The second possible explanation takes into account the heterogeneity of the u,c-St:H 

material which is composed of crystalline grains and grain boundary regions. We can conceive 

that an applied voltage is extremely quickly screened within the crystallites and becomes 

confined to the grain boundaries as shown in fig. 5.8.b). As a result the applied voltage drops 

in steps at the grain boundaries and regions of almost no field (grains) alternate with regions of 

high field. This confinement of the electric field to a small part of the sample thickness leads to 

many grain boundary capacitances Cgb connected in series. This results in an enhanced sample 

capacitance: 

C8=-^- (5.9) 
d*ff 

where deff represents the fraction of the sample thickness with non-zero electric field. 

To discriminate between these two possibilities we performed the following experiment: we 

measured Cs on two |xc-Si:H p-i-n solar cells, produced in one and the same deposition run, but 

where one half of the substrate was temporarily shielded by a shutter during the growth of the 

i-layer. As a result, two high quality p-i-n cells of 1.1 u,m and 2.8 u\m thicknesses were 

obtained. If our first explanation was correct and therefore the electric field was concentrated to 

the interfaces, the sample capacitance should be the same for both cell thicknesses. In the 
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5. Electrical properties of nc-Si:H 

second situation, if the applied voltage drops in steps across the whole Mayer, Cs is expected to 

scale with the i-iayer thickness. 

(a) (b) 

Fig. 5.8.Schematical representation of the two possible models proposed to explain the absence 

of screening and the enhanced capacitance in fic-Si:H samples: in both models the electric 

field E is concentrated in a small part of the i-layer thickness. In case (a) E is concentrated 

to the interfaces and in the case (b) the voltage drops in small steps over the grain 

boundaries. 

The experimental results clearly support the second explanation. For applied voltages 

where the influence of the internal field becomes small, the sample capacitance of the thin cell is 

about twice Cs of the thick one (see fig. 5.9.a)). Compared to the calculated geometrical 

capacitances Cg , the measured Cs are about 5 times higher. This means that the electric field in 

these p-i-n cells is confined to about one fifth of the i-layer thickness (at the grain boundaries) 

whereas four fifths of the i-layer is field-free (crystallites). This fact has also consequences on 

the transport. As illustrated in fig. 5.10 free carriers will easily cross the field-free crystallites 
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5. Electrical properties of |ic-Si:H 

by diffusion, whereas drift-assisted movement is restricted to the grain boundary regions. This 

means that the effective thickness of the i-layer to be covered by drift is only about one fifth 

(e.g. -0.6 um in the 2.8 |4m thick cell) and this may be the reason that even in 4 ^m thick 

p-i-n cells almost complete carrier collection is observed [Meier 96]. 
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Fig. 5.9. Sample capacitances C5 measured on two ßc-Si:H p-i-n solar cells with identical 

i-layer properties but with thicknesses 2.8 firn and 1.1 ßm. C1 as well as the slope of the 

1/C2 plot scale with the i-layer thickness, indicating, thus, that the sample capacitance is 

determined by the bulk material rather than by the interfaces. 

Finally, also the change of the sample capacitance with the applied voltage can be 

reconciled with this model. In mono-crystalline silicon a voltage dependence of the capacitance 

is observed for metal-semiconductor contacts, and this dependence is used for the determination 

of !he doping density Np and the height of the formed barrier [e.g. Sze 85]. Thereby, the plot 

of 1/C2 as a function of the applied voltage gives a straight line whose slope is proportional to 

ND and the intersection with the x-axis corresponds to the contact barrier height: 

1 _2ÌVbi-VqPP) 
C2 e£ND 

(5.10) 

where Vbi is the built-in potential, Vapp the applied voltage, e the elementary charge, e the 

dielectric constant and ND the doping density. 
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^ T l l ^ s ' o n ^ f ^ u s i p n j i i g f^it"fusioivi§ 

Fig. 5.10. Qualitative picture of the distribution of free carriers in the i-layer of a px-Si:H p-i-n 

solar cell under homogeneous illumination (red light). According to the transport model 

introduced above, drift is the driving force at the grain boundaries whereas free electrons 

and holes cross by diffusion the field-free crystalline grains. 

For both cells, i.e. the thin and the thick p-i-n cell, we obtain, similar to c-Si, a linear 

dependency between 1/C2 and the applied voltage (fig. 5.9.b)). However, contrary to the 

situation in crystalline semiconductors where one single metal-semiconductor junction is 

studied, we have to take into consideration here a whole sequence of grain boundary 

capacitances Cgb- As the slope of the 1/C2 plot can be shown to be proportional to the number 

of Cgb involved, an increase of the sample thickness, accompanied by an increase of the 

number of grain boundaries, will therefore proportionally increase the slope. This is exactly 

what we observe in the p-i-n cells studied here. 

5.3.2, Drift mobilities in [Xc-Si:H 

So far mobilities in CVD |Xc-Si:H materials were only determined by Hall measurements 

and the published data show large scattering of the values found for fin- Considering the variety 

of the tic-Si:H materials studied and the fact that most of the data was measured on doped 

p.c-Si:H, such large variations are not surprising. High values of Hall mobilities were observed 

by Seto [Seto 1975] and by Podbielski and Möller [Podbielski 84] on series of undoped and 

p-doped polycrystalline silicon films prepared at temperatures around 6500C and with grain 

sizes of 200 Â. They both found mobility values as high as 50 cm2/Vs for highly doped 

materials together with a sharp mobility minimum at a doping concentration of about 

2 x l 0 1 8 cm"3. ux-Si:H materials prepared at lower temperatures generally exhibit lower 

mobilities. In the work by Le Comber et al. [LeComber 83], who performed Hall experiments 

on undoped and p-type glow discharge ^ - S i : H (y = 60 - 80 Â), the Hall mobilities did not 

exceed 5 cm2/Vs, even for doping levels as high as 102 0 cm - 3 . Similar results were also 
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obtained on n- and p-type jxc-Si:H produced by the VHF-GD technique by Dubois et al. 

[Dubois 92]; they measured values between 0.6 and 5.3 cm2/Vs. In more recent works, 

Deyan He et al. [Deyan He 94] found in p-type |i.c-Si:H deposited by a "layer-by-layer 

technique" {at 300 - 3600C) RT Hall mobilities between 5 and 18 cm2/Vs, Middya et al. 

[Middya 96] measured values between 0.4 and 15Cm2Ws in p-type Hot-Wire |i.c-Si:H 

materials, and Hapke et al. [Hapke 96] obtained in their n-type PE-CVD p.c-Si:H material 

(y= 50 - 350 Â) Hall mobility values between 0.1 and 1.7 cm2/Vs. 

At present no Hall mobility data are available on our midgap VHF-GD iic-Si:H material as 

its very low dark conductivity turns Hall measurements into a difficult task. We thus applied the 

TOF technique to our LIC-SÌ:H in order to measure the drift mobilities \iD of electrons and 

holes separately. This approach was further encouraged by the rather low Hall mobilities 

(< 20 Cm2Ws) observed by the above authors in low-temperature and small grain u,c-Si:H as 

the TOF technique is especially appropriate for low mobility materials. Note, however, that it 

will not be possible to compare drift mobility with Hall mobility data: the drift mobility tiD 

determined by TOF represents the ease of transport parallel to the growth direction. Its value, 

compared to the band mobility \i°, is thereby lowered by the ratio of free carriers over trapped 

carriers [Spear 69]: 

ßD=}ioJ^L_ ( 5 1 1 ) 
nf+n, 

On the other side, for the evaluation of the Hall mobility the free carrier density (obtained 

from the Hall experiment) and the dark conductivity (measured in coplanar configuration) are 

involved. The Hall mobility |AH is related to the band mobility p.0 by a proportionality factor (for 

extrinsic material), which is, however, usually neglected. 

Experimental 

We performed TOF measurements on jic-Si:H samples prepared by the VHF-GD and used 

two different structures: u,c-Si:H layers with two semitransparent chromium 

Schottky - contacts on both sides and p-i-n {or n-i-p) solar cells with ITO top contacts. 

Thereby, the main experimental problem resided in the enhanced sample capacitance of Lic-Si:H 

(see ch. 5.3.1) which increased considerably the RC constant. This again greatly reduced the 

time resolution of the measurement and added an uncertainty in the time origin. To prevent this 

problem we took three measures which all reduce the RC constant: we reduced the sample 

contact area to an absolute minimum, we measured preferably thick samples (ideally 

d > 3 jxm) and we paid special attention to low contact resistance. For the evaluation of U_D we 

further checked the following points: 
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Fig, 5.11. Current transients obtained on a 3.7 firn thick fic-Si;Hp-i-n cell. After an initial 

decrease of the signal due to the RC constant, we observe the characteristic current shape 

(scaling with voltage) of carrier transport and carrier extraction. 
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1. RC time constant must be clearly shorter than the transit time (note that RC in ^ic-Si:H 

can change with applied voltage). 

2. The photogenerated charge must be (much) smaller than the charge on the electrodes 

(Small Signal TOF, see. ch. 1.4). 

3. Clear crossing of the current transients must be observed with changing voltage (the 

transit time must scale with voltage). 

4. Determination of JAD at voltages where the charge collection is almost complete. 

Results 

A systematic examination of the drift mobilities of electrons and holes on a series of 

specific [ic-Si:H materials (in order to correlate with e.g. the grain size, the doping level or the 

crystal!inity) was unfortunately out of the scope of this work. As first results we will present 

here the drift mobility measurements on a (ic-Si:H p-i-n cell of good quality and a series of four 

layers produced with different dilutions of sitane into hydrogen (see also ch. 4.2.1). 

The two current transient curves (for electrons and holes) obtained on a 3.7 u,m thick 

|ac-Si:H p-i-n cell (110 MHz, ~ 5% dilution, T d e p = 20O0C, produced with the help of the 

purifying technique - see also [Meier 96]) with a conversion efficiency of 5.8 % are shown in 

fig. 5.11. For these measurements the cell was illuminated from p-side (for electron 

measurements) or from n-side (for hole measurements) with reverse voltages applied. The 

sample capacitance attenuated at about 52 pF for high voltages, the contact resistor -330 £2 

which resulted in RC = 1.7 x 10'8 s. 

One can discern in this picture an initial current decay due to RC constant followed by a 

rather non-dispersive (constant) transit current and the subsequent "kink" at tT due to carrier 

extraction. The carrier collection was more than 80% for all voltages. To extract the drift 

mobilities we used the simple definition: 

PD = JTL 1 ) ( 5 '1 2 ) 

(Vint + Kppj-tT 

where Vapp are the applied voltage and Vjnt the (unknown) internal voltage (built up by the 

doped layers), d the sample thickness and ty the measured transit time. The latter has been 

determined by two slopes as indicated in fig. 5.12. To evaluate ji^D and ji^D we assumed in a 

first approximation | i e
D and u.hD to be voltage-independent and plotted d2/tr as a function of 

Vapp (fig- 5.12). Therefrom we extracted the slope which is about u.c
D =2.6 cm2/Vs for 

electrons and | i | ,D =1.6 cm2/Vs for holes. For reverse voltages above 2 V, we observe, 

however, a deviation from the linear behaviour which can be attributed to the RC constant 

which already starts to influence here. 

The drift mobilities obtained on this p-i-n sample correspond to typical values obtained on 

our purified jic-Si:H material. Furthermore, they show another characteristic feature of 
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|ic-Si:H, namely that p.e
D/u;hD = 2. This ratio is in clear contrast to a-Si:H, where the strongly 

asymmetric band tails lead to a ratio of |ieD/jihD = 100. As the drift mobility is deduced from a 

multiple trapping transport mechanism and, thus, represents the mobility of the free and 

trapped carriers (see ch. 1.4.1), the large amount of trapped holes in the wide valence band tail 

strongly reduces the value of iXhD in the case of a-Si:H [i.e. Street 82]. Our observation in 

Hc-Si:H admits, thus, two possible explanations. First, the transport in nc-Si:H material is 

governed by the crystallite phase and the mobility ratio of about 2 (similar to the situation in 

c-Si) can be associated to the different effective masses of electrons and holes in the silicon 

lattice. As a second explanation one can imagine a multiple trapping process, similar to that of 

a-Si:H, but where the shallow traps near the conduction and valence bands show a much 

smaller asymmetry. As at the present time we do not dispose of information about the existence 

and extension of bandtails or shallow traps in |ic-Si:H material this issue remains open. 

B270296 p-i-n 

Fig. 5.12. Evaluation of the drift mobilities of the 3.7 /xm thick fic-Si:M p-i-n cell from the 

measurements of fig. 5.11. From the slope of the plot d2/tj as a function of the applied 

voltage Vapp tne electron and hole drift mobilities [ie
D =2.6 cm2/Vs and 

ßhD =1-6 cm2/Vs are deduced. For Vapp > 2 V the RC constant starts to influence the 

measurement. 

It can be conceived that the drift mobility of u.c-Si:H material depends also on the grain size 

and/or the crystallinity. To follow up this question we measured the electron and hole drift 

mobilities on a series of p.c-Si:H layers which were produced at 110 MHz by changing the 
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dilution of silane into hydrogen from 7.5% to 1.25% (see table III). Optical measurements 

([Beck 96-3] and fig. 4.4) as well as structural investigations [Goerlitzer 97] clearly show a 

transition from a-Si:H (7.5% dil.) to highly microcrystalline material (5% -> 1.25% dil.). The 

drift mobilities of electrons and holes measured on these samples are listed in table III and seem 

to confirm our expectations: the drift mobility of electrons steadily improves from 0.9 cm2/Vs 

(in the a-Si:H layer) to 2.9 cm2/Vs with increasing crystallinity. The hole drift mobility jii,D 

jumps to 0.4 cm2/Vs as soon as the material turns to be microcrystalline and from there on 

increases similarly to m D . Note, that the ratio of \le
D^hD is here again around 2 for all three 

[ic-Si:H samples. However, in this series not only the crystallinity increases with dilution, but 

the |ic-Si:H material becomes also more and more extrinsic as the deposition rate becomes very 

small for high dilutions (see fig. 5.2). As, so far, we cannot exclude that the Fermi level 

position or the contamination with impurities (i.e. with oxygen) also influence the drift 

mobility, it is premature to draw a final conclusions from our measurements. 

[SiH4] I [SiH4+H2J 

7.5% (a-Si:H) 

5% (uc-Si:H) 

2.5% (Mc-Si:H) 

1.25% (u\c-Si:H) 

^ D [cm2/Vs] 

0.91 

1.24 

1.47 

2.85 

\HP [cmVVs] 

0.011 

0.41 

1.02 

1.08 

Table Ul. Drift mobilities of electrons and holes measured on a series of layers produced using 

different dilutions of silane into hydrogen. The sample produced at 7.5% dilution is 

amorphous, all the others show clearly microcrystalline features. The magnitude offi/P 

and fiiP rises as the dilution (and thereby the crystallinity) is increased. The ratio of 

tleD/MhD <s about 2 for all the ftc-Si.H samples. 

5.3.3. (IT products in |xc-Si:H from charge collection measurements 

In a-Si:H p-i-n solar cells the i-layer must be quite thin (typ. 0.5 Jim) in order to achieve 

good collection of the photogenerated carriers. The limiting carriers are thereby holes due to 

their much lower mobility compared to electrons. In contrast to this, ilc-Si:H p-i-n solar cells 

with thicknesses up to 4 Jim were produced which still show almost complete carrier collection 

[Meier 96]. On one side the enhanced hole drift mobility in flc-Si:H may account for this, but 

on the other side, also the carrier lifetime T is involved and, so far, we have no information 

about the value of this lifetime in u.c-Si:H. This motivated us to perform TOF charge collection 

measurements in our flc-Si:H material in order to evaluate the mobility x carrier lifetime 

products (fiT) for electrons and holes according to Hecht formula (1.20). 
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Our JiT results on (ic-Si:H are, again, rather preliminary and more measurements on a 

diversity of jic-Si:H samples will be necessary to deduce a general trend. Here, we will present 

TOF carrier collection measurements performed on two jic-Si:H samples, one layer deposited 

on chromium coated glass and one n-i-p solar cell (see table IV). Thereby, the film and the 

i-layer of the solar cell were produced using identical deposition parameters (110 MHz, 

5% dilution, Tdep = 2200C, with gas purifier); the obtained layer (P3O0197B) was clearly 

midgap (Od = 5xl0"8 l/Hcm, Eac I = 547 mV) and the corresponding n-i-p cell (P060297G) 

had a conversion efficiency of T\ - 5.1 %. 

sample 

P300I97B 

P060297G 

structure 

glass I Sn02 I layer (uc-Si:H) I Cr (semitr.) 

glass I SnO2 I n-i-p ([ic-Si:H) I ITO 

thickness 

2.7 urn 

5.5 urn 

Table IV. Structure of the fXc-Si:H layer and the corresponding n-i-p cell used for the carrier 

collection measurements (fig. 5.13). The intrinsic flc-Si:H material of both samples were 

deposited using the same deposition parameters. 

The electron and hole collection curves of these two samples are represented in fig. 5.13. 

For the measurements we tried to photogenerate the approximately same number of electrons 

and holes in both, the layer and the cell. For the electron measurements the samples were 

illuminated through the front contact, for hole measurements through the bottom contact; the 

polarisation of the applied voltage was kept unchanged. Thereby, in the layer as well as in the 

cell configuration, the first interface in the growth sequence (SnO2-HC-S i:H and n-i) turned out 

to be a defect rich region and we thus were obliged to use here a light which penetrates deeper 

into the structure (610 nm instead of the usual 550 nm) in order to prevent an important hole 

loss close to the interface [Wyrsch 92]. Another difference resided in the blocking properties of 

the chromium Schottky contacts used for the layers and the n-i-p structure in reverse 

polarisation: The leakage current through the chromium contact was slightly higher, leading, 

thus, to a less clear saturation in the carrier collection and therefore to an underestimation of the 

(il products in the layer structure. However, this effect is not dramatic in this sample and the 

induced uncertainty is within the experimental error. 

To evaluate the \ix product in the cell we used the simple Hecht formula (1.20) and we 

added to the applied external voltage an internal voltage which we set to 0.4 V, Changing this 

internal voltage values between 0.2 V and 0.6 V introduced variations of the fitted \i% products 

smaller than a factor of 2. Note, that this simple evaluation procedure is sufficient here as even 

for no applied voltage the collection of photogenerated carriers is high, indicating, thus, the 

internal field to extend through the whole layer thickness. 
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Fig. 5. 13. Carrier collection measurements on a fic-Si.H layer (on SnC>2 coated glass) and on 

the corresponding fic-Si.H n-i-p cell, fitted by the standard Hecht formula (J.20). 

The results obtained on this iic-Si:H layer and the corresponding cell show an interesting 

fact: the collection is better and the LIT product evaluated in the n-i-p device is clearly higher than 

in the corresponding layer deposited on SnC>2 coated glass. The deduced LIT products, noi 

significantly higher than in a-Si:H, thereby reflect typical values as obtained also on other 

Lic-Si:H layers and cells. We also obtain, here again, a ratio between the hole JiT product and 
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electron [ÌT product which is close to 2 whereas it is usually around 10 in undoped and about 

1.2 in midgap a-Si:H [Beck 96-1], 

The observation of better transport properties in solar cell devices supports the 

presumptions that u.c-Si:H material grown on SnÜ2 (or chromium) has different characteristics 

than uc-Si:H grown on an underlying doped ux-Si:H layer. For future investigations of the 

properties of [ic-Si:H material this also means, that one should give preference to 

characterisation methods which can be applied directly to |lc-Si:H p-i-n (or n-i-p) devices rather 

than measuring on ux-Si:H layers deposited on glass. 

5.3.4. Density of states in u\c-Si:H from post-transient TOF 

The post-transient TOF, which is an extension of the TOF flight experiment to a much 

longer time scale (up to 1 s) [Seynhave 89], gives information about the density of states 

(DOS) in the gap. In a-Si:H this method can be used for example to monitor the light-induced 

creation of defects [Zapletal 94]. Thereby, the electrons and holes which are deep-trapped 

during transit are thermally remitted after an exponentially longer time %em: 

?eni~<Oo'exp{j^ (5.13), 

where E j is the trap level deepness, kT the thermal energy and tö0 the "attempt to escape 

frequency" which is around 10] ' s_1 [Tiedje 84]. The collection of these carriers after 

remission becomes, thus, a direct fingerprint of the DOS. 

The application of the post-transient TOF technique to our ttc-Si:H material demonstrated 

some interesting features. In fig. 5.14. a) - d) we plotted the post-transient currents measured 

on the series of uc-Si:H layers which were produced using different dilutions (7.5% - 1.25%) 

of silane irto hydrogen (see ch. 5.3.2 and [Beck 96-3] ). Note that for this experiment we used 

a high illumination level (SCLC mode) in order to achieve an almost complete filling of the 

traps. 

The post-transient currents from holes are featureless and no particular deep trap states can 

be inferred. On the other side, for electron transients, very pronounced detrapping at times 

around 10~4 - 10"3s appears for low dilution samples, indicating, thus, the presence of 

efficient electron traps in the middle of the gap (0.4 - 0.5 eV deep). No similarly strong 

detrapping is observed in the highly diluted sample (1.25%). This difference, however, can be 

attributed to a Fermi level shift which occurred in this series of |ic-Si:H samples. In fact, with 

increasing dilutions lhe measured dark conductivity activation energies decrease from about 

0.49 eV (in the 5% dilution material) to 0.22 eV (1.25% dil.) which indicates a shift of the 

Fermi level position towards the conduction band with increasing dilution. This Fermi level 

shift may fill up the defect states with electrons and make them inactive for electrons trapping 

(and invisible for TOF) even though they remain present in the material. 
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1.25% dilution (u.c-Si:H) 
M 1 . , . ^ M l ^ I ^ M ^ I I , ^ . ^ , ^ . , « 

electrons 

a) 

..-I . . . .- I . . . - I , , • _ ! , . , - I ,.,_> , . , -J . . . - I 

Iff2 

io-4 

3 

« 
H IO"6 

£ g 
IO" 

m-10 

r 

• 

! 
• 

* 
• 

" 
„rJ 

2.5 % dilut 
- T ^ - . 

«•J 

1 

. I ^ 

T * 
on 

T 

holesN 

u u i i . , J 

(M-c 
"̂  

-Si:H) 
1 H " " ! 

b l -

i 

• 

• 
• 

electrons 

»mi 

• 

* \ 1 
1 

. . _ i . . . _ J . . . _ 

Q-6 l 0 - 4 ] 0 - 2 

time [s] 

5 % dilution (u.c-Si:H) 

10° 10" 10'* IO"4 IO2 

time [s] 

7.5 % dilution (a-Si:H) 

10° 

IO"6 IO'4 IO2 

time [s] time [s] 

Fig. 5.14. Time of Flight post-transient currents (in SCLC mode) for electrons and holes: the 

low dilution microcrystatline samples (fig. c), but also b)) show a pronounced detrapping 

current for electrons, indicating the presence of a detrimental type of electron deep trap in 

this material. 

The physical origin of this trap state is still subject of speculation. Transition metals are 

known to create sometimes detrimental defects near midgap in c-Si [Green 82]. For instance 

chromium, the metal we used for the Schottky barrier contacts, can introduce a donor level at 

Ec - 0.41 eV which was shown to become detrimental in c-Si solar cells for contamination 

levels higher than about 1015 cm-3 [Green 82]. As, however, we also observe similar 

post-transient behaviour in solar cell devices (which do not contain any chromium), we exclude 

this possibility. On the other side also oxygen, when present in concentrations higher than 

about 2 x 1018 cm -3, can introduce (in addition to the donor level at Ec - 0.17 eV) 
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5. Electrical properties of uc-Si:H 

additional deep donor levels [Möller 93]. Even though a gas purifier was used for the 

deposition of lhese layers, some of the samples may be highly contaminated due to low 

deposition rates. We thus have no precise idea about the oxygen contamination of our u.c-Si:H 

material and we cannot exclude, at present, oxygen to be the origin of the observed defect 

states. Finally, silicon dangling bonds at the surface of the crystallites certainly also introduce 

defeci states in the gap of uc-Si:H material. We have, however, no information about how these 

dangling bonds arc configured at the internal surfaces and which energetic position they take in 

the gap. More extensive work, also by other measurement techniques, will be necessary here to 

identify this and other defects in our fic-Si:H material. 

5.5. Conclusions 

First attempts to use the Time of Flight measurement technique for the characterisation of 

uc-Si:H showed promising preliminary results. However, the TOF technique cannot be applied 

straight forward to the new u.c-Si:H material; some particularities of [ic-Si:H made it necessary 

to re-examine first the experimental conditions of the technique. 

One important finding is thereby that in uc-Si:H samples (cells and layers) the electric field 

docs not extend over the whole sample thickness but is confined to the grain boundary regions. 

This leads to an enhanced capacitance of uc-Si:H samples which reduces the time resolution of 

the TOF experiments. As, furthermore, in |ic-Si:H the sample capacitance is voltage dependent, 

special care must be taken to correctly discern the carrier transit signal from the RC signal. 

By the TOF technique we measured the drift mobilities jiD of electrons and holes. The 

obtained values range from 0.4 to 2.6 cm2/Vs. The drift mobilities for electrons are comparable 

to that of a-Si:H whereas the one of holes are considerably enhanced {up to I.6cm2/Vs). 

Another interesting feature is the ratio between electron and hole drift mobilities which is around 

2 for all studied uc-Si:H samples. This ratio is significantly lower than in a-Si:H but close to 

c-Si where this ratio is given by the difference in the effective masses of electrons and holes in 

the crystalline lattice. 

TOF carrier collection measurements on uc-Si:H layers lead to JiT products which are at 

best slightly enhanced compared to a-Si:H. However, the UT products of (ic-Si:H solar cells 

clearly surpass the u,x products measured on jxc-Si:H layers produced under the same 

deposition conditions. This fact indicates that (ic-Si:H material grows differently on chromium 

or TCO coated glass than on an underlying doped uc-Si:H layer in the sequence of a solar cell 

deposition. 

Finally, post-transient TOF measurements on a series of uc-Si:H layers produced by 

different dilutions of silane into hydrogen reveal a detrimental electron trap in the middle of the 

gap of u.c-Si:H. This trap becomes, however, visible for the TOF technique only in midgap 
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|i.c-Si:H. The physical origin of this trap is not clear yet and further investigations are necessary 

here. 

To conclude this section we think that even though the TOF technique is difficult to 

perform on |jc-Si:H material, it can be a powerful tool to obtain precious information about the 

material. The results presented here are preliminary and deeper investigations on a larger variety 

of samples are necessary in order to deduce the characteristic features of the electrical transport 

in [Jc-ShH (mobilities, [IT products, defect states) and their dependencies on the material 

structure. We hope, however, that the presentation of these results can help to stimulate such 

future work. 
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Final conclusion 

FINAL CONCLUSION 

If you are short in time or if you just would like to know if there is something new in this 

thesis, then the following lines might be what you are looking for: a brief collection of the 

highlights presented in this work. 

In the field of a-Si:H, the research activities of many years have resulted in a quite detailed 

knowledge about the physics of this material. At the same time the conversion efficiencies of 

thin film p-i-n solar cells made of a-Si:H were considerably improved. However, these two 

activities more and more diverged, resulting in a lack of apparent correlation between the 

measured material properties and the corresponding solar cell performances. In this work we 

elaborated a solution to this problem. The answer comes in the form of a new parameter, the 

Ji0X0 product, which was defined and introduced in this work together with a simple procedure 

how H0T0 can be evaluated from simultaneously performing photoconductivity and SSPG 

measurements on a-Si:H layers deposited on glass. Unlike most other techniques currently used 

for characterising a-Si:H films, the U.°T° product provides relevant information about how the 

material will perform once incorporated in a p-i-n solar cell. The successful correlation between 

u.°t° (determined on a-Si:H layers) and the conversion efficiency T\ of the corresponding solar 

cells was demonstrated for two series of samples in the annealed and in the degraded state. 

In recent years [ic-Si:H p-i-n solar cells have reached remarkable efficiencies and the 

possibilities to increase them further are far from being exhausted. On the other side, the 

knowledge about the physical processes governing the optical absorption and the electrical 

transport in (Ic-SkH material is still quite poor. This was the issue which pushed us to 

investigate in this material. We succeeded to almost entirely explain the enhanced optical 

absorption in VHF-GD material by taking into account a combination of absorption in 

crystalline grains and defective grain boundaries together with scattering effects. The latter were 

shown to essentially account for the enhanced near infrared absorption in VHF-GD material 

which is a strong asset for solar cell applications. We also introduced a new concept for the 

collection of the photogenerated free carriers in u,c-Si:H solar cells. We presented experimental 

evidence for a confinement of the electric field to the grain boundaries which suggests a carrier 

collection in |ic-Si:H solar cells driven by drift and diffusion. Such collection mechanism is in 

clear contrast to a-Si:H solar cells (drift alone), but also different from the operation of c-Si 

solar cells. Finally, we were to our knowledge the first who applied the Time of Flight 

technique to iic-Si:H material, allowing us to present first values of drift mobilities 

(u.D(el.) = 2 u,D(h) « 3 cm2/Vs) and to reveal a detrimental type of electron trap in the middle 

of the gap for VHF-GD uc-Si:H, 
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