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One shouldn't work on
semiconductors, that is a filthy
mess; who knows whether they
really exist.

Wolfgang Pauli, 1931
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Introduction

INTRODUCTION

MOTIVATION

There are few other topics, which I consider as being comparably fucdamental but
nevertheless simultanecusly neglected oo a large scale, as the one of the future worldwide
energy supply. Actually, the international community is well aware of the problems which are
going to be caused if the present policies are continned:

There is on one hand the issue of (be environmental impact of conventional energy
sonrces. Related to the nsage of fossil fuels such as coal, petrol or natural gas we expect the
global warming due to the greenhouse effect to be one of the principal barmful repercussions.
Fredicting the time scale on which its consequences are expected to bulge to dramatic
dimeosions is rather intricate but, nevertheless, most of the experts agree that this will happen
alarmingly soon. Evalvaling realistically the dangers of toxic or radioactive waste produced by
the power generating industry is even more complex because they are connected often with
accidents which are, in principle, unforeseeable. The probability of an "extraordinary event”
may he small but with such disastrous results that its threat renders the actual circumstances
uncomfortable.

The second major issue can be summarized with the menacing shortage of resources on
which the globes’ energy consumption is based. Again there exist many projections into a
relatively close future and they all do essentially differ io the model describing the growth of the
demand in the long run as well as in the exact figure of actual reserves. But nevertheless it is
striking that they do all expect the "crunch” in the century to come. This is the case for all
conventionally used non-renewable energy sources including fissionable minerals nsed for
nuclear power plants. The option of vsing the comparably limitless hydrogen reserves in fusion
reactors might (if we really do master their techinclogy one day} unfortumately only solve this
second part of the dilemma.

Renewable energy represents a real sojution to the mentioned problems of conventional
energy supply. Renewable energy sources do all nltimately depend oo the energy radiated on
earth by the sun. Taking into account that the amouat of energy reaching onr planet in a year is
about 10'000 times more abundant in comparison with the annual consumption in the whole
world one understands that if we manage to harvest even a moderate fraction of this gigantic
source we would be able 1o satisfy more than our needs.

.1-



Introduction

This work deals with solar ecergy converted into electricity by the meaos of
photovoltaics. In this introdnctioo I intend to share my visioo of the role that photovoltaics
could play as a part of a coocept of susteinable energy supply for the world in the future which
was motivating me to accomplish this work.

TECHNOLOGICAL ASPECTS

The research domain of photovoltaics continues to be an exciting one. Extraordinary
results are published in a fast pace. The suecess of laboratory work is partly reflected in the
high solar celi conversioo efficiencies [Greeo 1999] which bave been realized nsing a variety of
different semiconductors as well as a variety of fabricatioo methods. Highest cooversion
efficiencies uader light iatensities of 100 mWem-2 (correspondiag to ooe sun) exceed 30 %
{Tzkamoto 1997].

Although it is for a scientist most fascinating to motice how close such a device
approactbes the theoretical limits, i.e. the limits dictated by the noderlying physical processes, it
is important to keep in mind that solar cell efficieocy is only ope of the important factors that
decide whether a certain type of solar cell is suitable for energy coaversion on a large scale.
Indeed, any photovoltaic technology apt to contribute significantly to future power geoeratioa
should fulfill all of the requirements summarized in tahle 1.
maw materials: » available in Jarge enough amounts
» reasonably cheap
* noa toxic (productioa, handling, end of life)
production processes: | = suitable for a large scale prodnction
» present a low risk in the case of an accideat

» demand low energy investments (reducing the payback time)
finished modules: = high efficiency '

» lang life cycle

Table I: Catalogue of requirements to be fulfilled by a photovoltaic technology contributing significantly to
power generation.

It is, however, difficult to achieve simultaneously all the cited criteria. At preseot there are
mainly two types of solar cells that attain most of the defined goals in a satisfying way: cells
based on crystalline silicon and cells hased on thin films of amorphous silicon. Their market
shares amount to about 85 % (crystaltine silicon) and 15 % (amorphons silicon) respectively.
For crystalline silicon major compromises with respect to the goals of tahle ] concern the
production costs and energy investments. Amorphous silicoo modules spffer mainly from
conversion efficiencies that are in gencral still too low ¢highest efficiencies of medules with an
approximate area of 1 m2 reached 10.4 % in the case of amorphous silicon after light soaking
in comparison to 15.2 % for multicrystalline silicon or 22.7 % for crystalline silicon [Greeo
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Introduction

19991). In both fields promising new concepts are intensively being studied aiming to develap a
technelogy allowing to produce cheap, efficient solar cells. To bring down the costs of
crystalline silicon based solar cells ways of producing cheaper base material {ribbon silicon
[Wailace 1997), deposition of thin crystafline films on cheap substrates [Ingram 1996] etc.) are
beiog investigated. My own work is 2 contribution to the second alternative which consists of
increasing the stabilized cell efficiencies of amorphous silicoa based solar cells.

POTENTIAL OF STATE OF THE ART CELLS:

In the followiag some rough calculations are presented in order to estimate to which
extent even present dey's photovoltaic modules could already contribute to the generation of
electricity. In order to have reliable figures to start with a restricted region is selected. Thereby
the guiding idea is to discuss the situation in Switzerland (latitude: 47° N). To extend the model
to other regions one would bave to take into account the prevailing meteorological conditions
and other local factors.

For the Swiss local climate one can expect a watt of installed photoveltaic peak power to
produce about 800 Wh in a year. This is based on experience with pilot and demonstration
installations [Meier 1995} as well as oa comparison with monitored insolation and temperature
[Kunz 1995). The figure of 800 Wh/Wp per year can be compared (o the annual coasumption
of electricity in Switzerland (47'882 GWh in 1995 [OFEN 1995]). If covered exclusively by
photovoltaics it would correspond to 2 total quantity nf power to be installed of 59.9 GW.
Supposing a module conversion efficiency of 10 % one can calculate the surface required to
cover those needs. This amounts to 599 km? respectively to 1.5 % of the total area of the

country. To get an idea of the magnitude

Yind of vtilzation e ppras of this surface one' can compare it to tl:lc
[km?] | [%) current fragmentation of the land area in
forest 12523 | 30.0 | Switzerland [OGFES 1997] as shown in

agriculture 15813 | 38.3 | table 2.

building area (without industry): | 1186 | 2.9

industry area 147 0.4 One can see, that it is theoretically
special infrastructure 158 | 0.4 | notnecessary toreserve additional ground
parks 125 0.3 for huge photoveoltaic power plants.
waffic area 801 1.9 ldeally the surface required for
lakes and rivers 1725 | 4.2 photovoltaics to satisfy the demand of
unproductive vegetation 2473 | 6.0 electricity can be shared to a big extent for
00 vegetation 6333 | 15.3 | example with the building area by
total 41284 | 100 | integrating the panels onto the building
Table 2: Segmentation of the land in Swirzerland rooftops, into facades etc. A detailed study

3



Intreductioo

evaluating the total huilding surface poteotial for photovoltaic use in Switzerland has shown that
as much as 180 km? can be ased with a relative solar yield higher than 80 % (with respect to
an optimally inclined and oriented surface at the same site) [Nowak 1995},

Of course photovoltaics suffers from one main disadvantage with respect to cooveotiooal
sources which is related with its availability. In the far future, if photovoltaics is to play a
dominant role jo providing electricity, it will be oecessary to accumulate cooverted eoergy
during high insolation periods to allow later use. However, efficicot means allowing short term
storage (to grant supply during the night) or evea looger term storage (to achieve indepeadeoce
of the seasons) are not yet geaerally available. Therefore it is interesting to estimate the part of
photovoltaically produced electricity which is in phase with the current load.

Figure 1 compares the typical productioo of electricity (in Switzeriand) oo a day for each
seasoa [OFEN 1995] with average insolatioa data of the comespondieg moath [Kunz 1995].
One clearly ohserves that daily modulations of ciectricity consumptioo are esseotially
syochronized with potential photovoltaic power generatioo,

From this it is cbvious that there ~ 15-3:95 21.6.95 20.9.95 20.12.95

does exist an large potential of usiog e
photovoltaics up to a certain extent ® _E
evec without requiring aoy storage ﬁc.g
possihilitics. As cac be seca io _‘_ o=

figure 1 the load peaks are preseatly 5 g
esscatially covered by the use of 5 E:
bydroelectricity, The idea would of B35
course 0ot be to replace hydroelectric 19’ E
placts by photoveltaic power 240 240 24 2°

geoeratioo but rather to perform a shift Fig 1: Comparison between production of electricity and
io time and usage of the more flexihle averaged global insolation data for Switzerland. Electricity

hydroelectric power statioos, They Production is composed by (from botom to top) ¢ !
thermal pawer stations, ruclear power stations, hydroelectric

(flowing water), kydroelectric (storage lakes).

could ic fact cover a higper share of
the basic oeeds and therehy replace
partly copventional pon recewable sources.

The capacity of photovoltaic power generatioa which is in phase with the load and which
would help to flattea the electricity demand can be estimated by means of the same figure 1. On
a first order it correspoods to the minimum peak beight at midday with respect to the hase
demand at night time. The total peak power that could be iostalled for this purpose would
correspood to 4 GW, Part of the peak production is curreatly oot coasumed in the covotry
itself but exported. Nevertheless the above estimate is actually too small. The reasoos for this
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are as follows. The actual height of the daytime demand peak is kept artificially low (by an
increase of the costs per kWh hy more than 100 % with respect to the low night tariffs).
Secondly, it would be even possible to overcompeosate the consumption peak at noon leading
to an inversion of the curve to a certain extent. Hydroelectric power would then be required
- more intensively during night time. As a matter of fact as much as 10 % of the electricity needs
in Switzerland could be satisfied by pbetovoltaics without any further coostruction of storage
infrastrucure. This wonld correspond to § GW of installed power. Ooce understands, wheo
comparing this figure to the statistics of world pbotovoltaic module shipments as presented in
Fig. 2, that such an amount of photovoltaic power is colossal.

We cooclude from this that 140

technologically speaking photovoltaics 120 ‘ljlaspgn
is ready 10 coutribute sigoificantly to 100 Eurcpe

All ather
power production even today. The b .

80
potential will douhtlessly increase in the § 60
mid-term future when we imagine that
the storage problem will be solved. Or
wben transport of electricity over global
distances becomes possible with 0 91 '92 '93 : ‘94 '95 '96 '97
acceptably low losses such as to allow Fig. 2: World photovoltaic module shipments in MW [Curry
for supply of winter regions of the earth 1993)
by summer regioos. Or when
sociocultural changes in the society will affect also economy in such a way that improved
coasciousaess of the value of energy and its conservation will shift electricity intensive
Pprocesses 10 daytime {e.g. higher costs of electricity during the aight than during the day) in
order to favor photovoltaics. Even though such projections would open up fantastic possibilities
they remain to a hig extent science fiction at the present day.

40
20

To make this dream come true sooner (and, thus, to reduce the poteatial damage caused to
our environmeot hy the time) a lot of work has 10 be done 10 enhance the competitiveness of
solar electricity with respect to couveational sources. With the preseat work I hope to have
contrihuted a step towards this direction.



Outline

OUTLINE OF THIS THESIS

This thesis is structured inta five individual chapters. The first three chapters constitute an
approach which allows to increase the stabilized solar cell efficiency by an optimization of the
deposition conditions leading to more stable material. The last two chapters farm a reverse
approach attempting to characterize the actual material quality in a completed solar cell directly
by performing cell measurements. A more detailed descriptinn of each chapter is presented
below:

After a brief introduction on the most important differences between amorpbous silicon
and its crystalline counterpart this first chapter introduces the hasic measurement techniques
which were applied for this work to characterize individnal intrinsic layers. As relevant
properties we estimate, therehy, first nf all the nptical absorption. Based on the standard model
for electronic transport in a-Si:H we argue that as a crucial parameter for material optirnization
one has to consider the normalized mobility * recombination time product %0, In a second
part of this chapter the problem of metastability of a-Si:H is addressed. A theoretical model is
presented which accounts for many of the observed phenomena and which is subsequently used
as a conceptual guide on a measurement set-up which substantially accelerntes the evaluation of
the on the labomtory scale.

In the second chapter the standard measurement techniques are presented as they were
applied in the this work to evaluate the properties of solar cells. These well-established
techniques consist of measurements of the current-voltage behavior and spectral respanse
curves. Again, a method is described to perform light soaking tests but which apply, here, to
completed solar cells.

This third chapter constitutes the central part of the work on the correlation between
transport studies perfarmed on individual i-leyers and solar ¢ells incorporating them. In the
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Qutline

beginning an experimental verification is presented indicating that the earlier (in chapter ooe)
presented material quality parameter n®t0 constitates, indeed, a crucial quantity for the
optimizatioo of a-Si:H layers. Subsequeally this parameter is used for cell optimization as well
as for a comparison of different deposition techaologies.

As indicated by its title this fourth chapter contains mainly theoretical considerations abowt
the collection of photogenerated charge carriers in p-i-o solar cells. Several models which have
been successfully used in literature are briefly summanzed and carefully compared. An
extended model is preseoted which treats analytically the more general case including a non-
constant electric field. Based on this model a method is presented which allows - in priaciple -
to carry out i-layer studies directly within completed solar cells. Thereby the new i-layer quality
related solar cell parameter Voolection is introduced.

Here, an experimental study is presented which was carried out io order to apply the
previously developed theory. Several consistent series of layers compared to solar cells
incorporating these layers are analyzed using the VIM-method (variable intensity measurement
method) for the evaluation of Vgliecrion. The limitations of the method are conclusively shown.



1. Characterization of amorphous silicon layers

1. CHARACTERIZATION OF AMORPHOUS
SILICON LAYERS

|

Hydrogenated amorphous silicon is a solid state material made out of silicon atoms which
are arranged in a lattice Jacking far order. Locally, the electronic bonds between neighboring
elements in the amorphons network are almost identical to their crystalline counterparts, Small
distortions, however, destroy any long range periodicity. Surprisingly such a material still
shows an electronic band structure which may be compared to the one of crystalline
semiconductors (Fig. 1.1). But some important differences do arise. At some places the bond
deformations may add up to such an extent that for an orbital no overlap with another ¢lose one
is possible. This is called a "dangling bond". These dangling bonds introduce deep defect states
into the bandgap unless they are saturated by an other element (hydrogen, chlorine, fluorine).
The role of the hydrogen added during the deposition of a-Si:H (for example through the
decomposition of silane) is primarily to reduce the dangling bond density by passivation.
Unfortunately not all dangling bonds can be passivated. The remaining ones (typically
1016 em3 of totally 101? cm-3 [Bube 1998]) can be charged either positively {(by absence of an
electron), they can be neutral (the energy level of such a state as shown in the band diagram

Energy

Conduction band

Donor levels '
conduction band tail

Ty
RHAEEID0/D-
= Dangling bonds

PRS00

g,
8
CeTpiree
(L¢
327

>

Accaptor levels
Valance band

Fig. 1.1: Schematic band diagram of a-3i:H illustrating the position of electronic states in an amorphous
semiconductor. The extended states which allow electric conduction are located in the conduction band and in the
valence band. The states between the band edges are localized. They do not allow electronic transport but they act
on it indirectly by recombination of free carriers or via their electric charge. They also intervene in optical
tronsitions.



1. Characterization of amorphous stticoa layers

corresponds to the electronic transition D*/DY) or they can be doubly occupied (the energy level
of such a state corresponds to the transition DY%D-). They affect electronic transport in two
ways: First, through their actioa as recombinatioa centers which is particularly effective because
of their position near midgap. Secondly, they may indirectly influence electronic transport via
the total electric charge associated with them. The total deasity of these defects in a given
material is not constant: New defects can be created through breaking of weak bonds
(degradation, Stacbler-Wronski effect). On the other hand, thermally-stimulated structural
reorganizations may reduce the total energy of the system and, thereby, the defect density
(annealing). These aspects will be studied in section 1.2.

In the present section we will imagine that our a-Si:H samples under test are frozen in a
certain state (e.g. in the annealed state with a relatively low defect density or in a degraded state
with a higher density of gap states). By "static" characterization we mean that the considered
measurement techniques evaluate the film properties at a fixed density of dangling bonds. This
is in contrast to the evaluation of the metastability addressed in sectioa 1.2,

The standard characterization techniques which are nsed to analyze a-Si:H thin films can
be divided into three categories depending on the kind of information that one gets by nsing
them. A first category consists in the evaluation of optical properties. These are for example the
refractive index or the absorption coefficient in the wavelength region which is of interest for
photovoltaic energy conversion. A second category deals with the transport of charge carriers
and with their potogeneration and recombination. These categories of characterization
techniques are both equally important when judging the value of a semiconducting material as
photovoltaically active layer. The third category of measurement techniques finally concerns
mostly structural properties such as the way hydrogen is bonded in the material. Snch
knowledge is important for the understanding of the material properties of a-Si:H. But for
practical device design it is of secondary interest. This is why we concentrate in the present
work on optical and electronic features of a-8i-H films.

1.1.1. Geometrical Aspects-

Befare one can determine the material parameters of a given thin film it is important to
know the thickness of the layer under test. To this end we vsed a stylns surface profiler ("alpha
step” of Tencor Inc.). In order to cbtain a well defined step from the substrate to the layer we
applied two techniques. For many films it was possible ta strip off the a-Si:H from the snbsirate
by careful scratching with a cotier. The other technique consists in partially covering the sample
with a protective resin, etching away the a-Si:H locally and then removing the resia with a

-9



1. Characterization of amorphous silicon layers

corresponding solvent, With both methods one can normally obtain measuremeots with a
precision better than 0.05 pm whereas the thickness of the filns studied amounts to typically
1 um. This same surface profiler was also used to determine the penmetry of the caplanar
covtacts as employed for conductivity measurements.

1.1.2. Optical Properties

The principle of photovoltaics is based on two individual steps which have to be regarded
as equally important if a reasonable overall efficieccy in energy conversion is to be obtained.
The first ove cousists it the absorption of light in a semicooductor which will give rise to
mobile charge carriers. 1o a second step these generated free electrous and holes have to be
separated and brought ta the electric terminals of the solar cell in order tn be collected. The
totally generated curreot will depend both on the fraction of photons couverted into free electron
hole pairs and on the fraction of the charge carriers collected. For thin cells mainly the first act is
critical. Intrinsic layers using materials with lower absorption coefficients oeed to be thicker io
order to catch most of the arriving photoos, This is illustrated in the following figure (Fig. 1.2)
represeoting thin cells made at different temperatures [Platz 1997}

14 14
& e & al @
: 13
E 13 . g -E- _
< 12 12 F-uis]

E -E- .ga%
€ "= , Rl :
g ‘o A 4 220C E o g
=3 oe
& Bl c g
) 9
100 200 300 400 20 40 BO 80
o*d
Hayar thickness [nm]

Fig. 1.2: Thickness series of thin cells deposited at three different temperatures. Increasing the deposition
temperature results in material with a higher absorption coefficient. The current of a cell incorporating an i-layer
of a given material varies monotonously with its absorption coefficient and thickness. When plotted against the
absorbance A = a -4, ., the current is no longer a function of the deposition temperature. The dotted lines
correspond to fiis to the eqn. 1.1.

As long as one achieves total collection the contribution of light at a wavelength A to the
photogencrated current in 2 cell can be writien as follows:

Tos = @O iy (1 €700, .1

where q is the elementary charge, @, , . is the photon flux reaching the i-layer, and
a, -d, ... comesponds to the absorbance of the i-layer.



1. Characterization of amorphous silicon layers

Generally, however, one has to make a trade off betweeo high generation (obtained by the
use of a thick i-layer) and high collectioo (obtained by the use of a thio i-layer). In thick
i-layers, with a low absorption coefficient, the generated electron bole pairs are distributed over
a wide zoue. It is, thus, more difficult to collect them all, In the case of a-Si:H solar cells the
collection of the light-generated carriers 15 essentially powered by the drift of the charge carriers
io an electric field. Under short circuit conditions this latter corresponds on an average 1o the
quotient of the built-in potential V,;,_;, over the i-layer thickness d, . :

E - Vﬁgm—in
‘average di-h,u
(1.2)

Materials with low absorption coefficieots lead to an increase in the necessary i-layer
thickness and affect, therefore, the photocurreat collection negatively in two ways: by
increasing the recombination probability since the carriers have to travel over longer distances;
and also by reduciog the driving force of charge carrier separation, i.e., by reducing the
prevailing electric fietd. ’

Knowledge of the absorption coefficient of a given a-Si:H film is bence of great
importance in the wavelength region that is nseful for the generation of electron hole pairs. In
this work we determined o(4) of an a-Si:H layer by the measurement of the transmissioo and
the reflection of a sample in a commercial spectrometer (Lambda 900 specirometer by Perkin
Elmer). Thereby, we nsed the following optical model for glass coated with an a-Si:H layer
(Fig. 1.3):

On its passage through a sample the beam of lighbt encounters subsequently three
interfaces (i-iii). We assumed that the two reflected beams from the air-glass interface (i) and

Transmission: Interpretation: ) o i)
1 m
S %
ND / é T
“1 Y
| R %
Reflection; G F
/Q, S: Sample F: a-SitH film
— D: Detector R: reflacted beam
\D S 7 G: Glass substrate  T. transmitted beam

Fig. 1.3: Reflection and transmission measurements using a commercial spectrometer equipped with an
integrating sphere (Ulbricht sphere),
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from the glass-film interface (ii) are incoherent and do not interfere. We neglected the reflection
from the film-air interface (jii} because this light beam is reduced in intensity by two passages
through the absorbing layer before it can interfere with the light from previous reflections. In
the wavelength region of interest (for whicb the layer is absorbing) this approximation is
certainly valid. The glass substrate was assumed to be perfectly transparent. It is possible,
under such simplified conditions, to write down the transmission T, of such a system as:

T, =(1-R ) e (1.3)

This equation permits one 10 determine the absorption coefficient ¢, (as a function of the
wavelength) when the total reflection R, and the i-layer thickness 4,_,,,, of the sample are
measured.

_ Eqn. 1.3 does not take into account multiple reflections (interferences). However, the

precision ar which the absorption coefficient can be determined with our instrument conld not be
enhanced even by doing so. In fact, the interferences depend sensitively on the layer thickness
and, therefors, as well om the uniformity of the thin film, on the spot size of the probe beam and
on its position on the sample. As reflection apd transmission are measured separately and,
forcefully, not exactly on the same spot of the samnple it is practically impossible to compensate
for interference effects.

1.1.3. Basle Transport and Recombination Equations

After the conversion of the energy of the incoming photons into mobile charge carriers a
semiconductor would remain oeutral without a mechanism leading to separation of the generated
electron hole pairs. The mechanism used in photovaltaics to obtain such a separation is the
insertion of an internal field sweeping selectively electrons on one side and holes on the other
one and thereby giving rise ta a voltage difference between the two sides. This imernal field is
realized by noo uniform dopiog of the semiconductor with acceptors (p-type doping) and
donors (n-type doping). In crystalline semiconductors one uses p-n diodes; here it is sufficient
to have the internal field localized in the junction region, which is very narrow compared to the
zone where carrier pairs are generated. The camier pairs can, however, easily reach the junction
region by diffusion because of their high mobtlity and their law recombination coefficient.

The mobility of free carricrs in amorpbous silicon is typically two orders of magnitude
lower when compared to its crystalline counterpart. Furthermore, its high density of electronic
states in the gap leads to fast recombination times. Therefore, one has to extend the potential
step over the whole absorption region in order ro stimulate carrier separation by drift. This is
done by inserting an intrinsic (i-) layer a5 a main absorption layer between the doped layers.
Such a p-i-n diode is represented in Fig. 1.4.

-12-
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Eremi

—>

Fig. 1.4: Schematic band diagram of a p-i-n junction and the electric field variation within the cell. Electrons
(symbolized by filled dot) drif under the influence of the electric field towards the n side of the device. Holes are
swept in the reverse direction. The gradient of the electric potential and hence the electric field increases towards
the doped layers due to charged dangling bonds.

Transport in intriosic a-Si:H layer is described by the basic semiconductor equations:

) {0+ 0ul) o
L 9=k, (B0 D 1) as
L a)= i, (opEty - 0 ) a
0=Gﬂ(x)-&(x)+%‘%j.(x) (1.7
0=G,(x)= R (3}~ (x (1.8)

These are five coupled, first-order differential equations for the free carrier deosities p,
and ng, the electric field E(x) and the current densities j, and j,. They contaio noo-lioear
terms introduced by the products 1, (x)E(x) and p,(x)E(x), by the recombinatico functions
R,(x} and R (x) and by the localized charge term ,, (x). Because of this they can oot be
solved in closed form in the geceral case unless additional assumptions are introduced (such as
e.g. a constant electric field E # f(x)) or unless ooe performs ¢.g. a lincarizatioo restricted 10 a
small signal case. In the above equations D and DS stand for the diffusioo coefficients and are
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1. Characterization of amorphous silicon layers

related to the band mobilities of free carriers by the Einstein relations : Dﬂ = ,u:-kT/e,
DY =p-KTJe.

When nsed as an i-layer in a p-i-o junction a-Si:H should have high camrier mobilities and
low defect densities. As becomes apparent from the Fig. 1.4, dangling bonds influence the
collection of photogenerated carriers in two ways: First of all the recombination of charge
carriers increases with the dangling bond density. Secondly, the presence of dangling bonds
may induce localized charge which, in turn, result in a screening of the electric field. The
occupation function f of a localized state depends on the position of the Fermi level Ep. It has
bas been shown {Hubin 1992] by vsing the principle of stationarity, that under illumination and
for steady state condition the ratios of neutral f°, positively f* and negatively f~ charged
defects can be written as:

1

= _ 1.9
(pyIn)(a, 6} +1+(n, 1 p,) (021 6)) -9
+_ (Pf’nf)'(cgfa:) L10
! (p,; /n,) (0o )41+, p)-(0n 1 G) (19
- (! p;) (021 0,)

= S — (1.11)

(P, /1) (0p 1 O+ 1+ (nd py)(ar | 0,)
with +0+f =1 (1.12)

where n, / p, is the ratio between free carriers while o refers to the capture cross-
sections of neotral (@"), positively (o) or negatively {o,) charged dangling bonds for
electrons {n, ) or holes { p,}.

1.2

o AN N/
08 VARY;
0.4 ; \
0.2 !

2 7XN

108 104 100 104 108

pi/ny
Fig. 1.5: Caiculated occupation functions depending on the ratio between free carriers (egns. 1.910 1.11). It
has been admitted that the capture cross-seciion ratios between charged and neutral dangling bonds are
g, /a0, = /0, = 50
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For the experimental situations considered in this work (i.e. under moderate illumination
levels) the main process of recembinaticn is monomolecular recombination via dangling
bonds!. The recombination times for electrons and boles (defined as "mean times to
recombination") can then be writtey as:

1
= 1.13
" VmNdafga.? + vadbf+a: ( )
1
= 1.14
P N fP O, + v, NSO (19

Under steady state conditions this results in a total recombination rate R :

R:G:;—%—:% (1.15)
= P

It will be showa in Chapter 2 that this function can be simplified for the case of interest in
a-Si:H solar cells. In the particular situation of predominantly neutral dangling bonds
(f* >> f*+ £ it was out [Hubin 1992] that this recombination funetion transforms into:

=p=204+ 8
G=R ‘rf+1:ﬂ’ (1.16)
where . L e . S (.17
" VaNdbfoa: “mNaf"G'f,

. (Note that this result is very different when compared to the recombination function found
for crystalline semiconductors. In the latter case the recombination centers are not amphoteric in
nature and the recombinatien is described by the Sbockley-Read-Hall formula [Sze 1981].)

Intuitively it seems paradoxical (and in cootradiction with eguation 1.15) that electrons
and boles recombine independently since they can only vanish by pairs. The formula becomes,
however, evident if one considers the fact that ¢, >> 60 and @ >> of: every dangling bond

11t has been shown in work by (Rase 1963]) that defect states localized in the gap of a semiconductor can
act cither as traps {resmit thermally capmred electrons and holes to the conduction respectively to the valence
band) or as recombination centers (each capture of a fice carrier is followed by a subsequent capture of a charge
carrier of the opposite sign). While recombinatian centers lie between the so called "demarcation levels” the traps
lie cutside, close 1o the band sdges. These demarcation levels coincide almost with the quasi Fermi levels.
“Moderate illumination levels” means, thus, that the quasi Fermi levels embrace practically all dangling bonds

without moving into the band tails (see Fig. 1.1}
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Fig. 1.6: Configurarion used 1o measure the transport praperties of intrinsic a-Si:H layers. The electrodes were
typicatly made of thermally evaporated aluminum. In some cases the lanter did not lead to ohmic contacts, In this
case the aluminum was replaced by spuntered indium tin oxide. The horizontal lines in the graph on the left
schematically depicr the current flow.

catching an electroo is charged negatively and will, therefore, undergo more casily a
neutralization by capture of a hole. The inverse holds for the recombination of holes. In fact the
intervening terms in ego. 1.16 describe just the bottleoecks of two independest reactions.

1.1.4. Photoconductivity Measurements

In order to study the transport and recombination properties of a given a-Si:H material,
we deposited intrinsic layers on glass substrates and vsed electric contacts in a coplanar
configuration as illustrated by Fig. 1.6. This allowed us to determine¢ the photoconductivity of
the films as well as the ambipolar diffusion length.

The photoconductivity Gphoto Was measured by illuminating the area between the contacts
by a widened HeNe laser beam (at the wavelength of 633 nm). Fig. 1.6 jodicates that the egn.:

$

I-d {1.18)

|

O ohoes

can be nsed provided that | >> s >> d. In our experiments we nsed a typical geometry
of 1=2mm, s=0.5mm, d= 1 pum. We estimated the border effects to be negligible in
this case. Assuming a linear potential drop between the two electrodes one finds from the basic
transport equations !.4-1.8 that

opm-_—e-(pgnf+u:pf) (1.19)

One notes that Gt basically monitors the majority carriers (ie. the more sumerous
carriers). If both carrier densities are equal Ophoso Monitors the more mobile carriers. The free
carier densities n, and p, can be calculated from 1.15 which leads to a formulation of 6, in
terms of mobility * recombination time products (UT-prodocts):

cm=e-G-(pfff+y:1f) {1.20)
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1. Characterization of amorphous stlicon layers

Thereby, G corresponds to the average geaeration rate within the layer (see Annex I for
more details).

One realizes from equations 1.13 - 1.14 and 1.9 - 1.11 that the photoconductivity can
increase by orders of magnimde as soon as the majority of dangliag boeds becomes charged.
‘When the Fermi level moves out of the midgap position, e.g. towards the conduction band, an
increesing amount of dangling boads becomes doubly occupied. Electrons in the conduction
band see their recombination centers vanish and their lifetime dramatically increased. As the
photoconductivity is dominated by the majority carriers it will follow accordingly. The same
holds for holes in the valeace band in the opposite case (with Ep moving towards the valeace
band also leading to an increase of Ophow). This means that materials with identical defect
densities and band mohilities can have values of Gphoro that vary over orders of magnitude,
depending cn the position of Eg. This leads in particular to an overestimation of the quality of
the material that is not of truly inwrinsic character, e.g. material that is contaminated by oxygen
or other impurities with dopart character. Therefore, Tphoto alone cannot be used as an indicator
of material quality.

Because of this problem, the photcgain @,,,, { 6, rather than the photoconductivity
was generally nsed in the past as an indicator of material quality. But the variation of o, with
EF is in principle different than the related chenges in ©,,,,. 0, varies proportionally with
the free carrier densities which are linked to the Fermi level by Fermi-Dirac statistics. In coatrast .
to this &, is governed by the dangling bond charge which fixes the free carrier density at a
given geperation rate by recombination, This simple normalizatioa (i.e. to divide &, by Guu
is, therefore, not the ideal way 1o compensate for contaminatiog-induced variations in ..

1.1.5. Ambipolar Diffusion Length Measurements

For our studies we used as a complementary measuremeat technique a method to assess
the transport of minority carriers; this method is called the "steady state photocarrier grating
method (SSPG)" (see c.g. [Sauvain 1992, Smith 19359, 1978]). We used for this purpose a
setup as sketched in Fig. 1.7. The samples as prepared for Ophoto Measurements are
illuminated using two coberent beams arriving under symmeiric angles. Interference results in a
periodic generation profile within the i-layer and bence in a free carrier grating modulating the
local conductivity, Measuring the average conductivity allows one to determine the extent to
which the diffusion of free carriers towards regions of destructive optical interference (i.e.
regions with lower photogeneratica) increases the locally prevailing minimum free carrier
density. Varying the angles of the laser heams allows to change the grating period of the
interference pattern. All measurements are made in a small-signal mode, using the lock-in
technique. The characteristic iength determined hy this method is called the ambipolar diffusion
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HaNa laser, 633nm

ND =
Choppe
BS: Beamsplitter
ND: Neutral density filter
M: Mirror

DV
£
Fig. 1.7: Sketch of the SSPG measurement set-up. To measure the ambipolar diffusion length the sample is
moved along the dotted line. Together with the angle of incidence a the grating constant A of the interference
pattern on the sample changes. If A is bigger than the diffusion length of free carriers Ly the mean
conductivity of the sample is reduced by the zones with destructive interference. If A is in the order of Lamp (or
smaller) the carvier grating is smeared out by the diffusion and the generation profils is no longer reflected in the
mean conductivity.

A2 Half-wave plate

Amplifier

length Lyyb since both types of carriers diffuse together in the semiconductor - coupled by
internal electric fields[Smith 1959, 1978].

It can be shown [Shah 1997], that the basic transport equations 1.4 - 1.8 can be casily
solved analytically for a small-signal situation. Under such circumstances, the equations can be
linearized. Assuming iraplicitly that the screening length of the space charge is shorter than
Lamb, Le. that the lifetime coodition is satisfied, they yield as a characteristic length:

kT Hot Ho“
o N . Lad 2 2 | A 1.2
L. " 2:4- g:(+y+ ) (1.21)

where G, stands for the generation rate due to the coostant light beam Iy;p (“bias” light
beam, see Fig. 1.7) whereas y and A correspood to the power law exponents of o, and
L% ,, tespectively. It follows from eqn. 1.21 that Ly monitors the minority carriers.
Considering eqns. 1.9 - 1.11 and 1.13 - 1.14 one notes that Ly, will increase substantiatly as
the dangling bond occupation function f° for neutral dangling bonds tekes over more "weight”
with respect to f~ and f*. This is due to an increased recomhination time of minority carriers
as charged dangling bonds (with large capture cross - sections) are converted into neutral
dangling bonds (with much smaller capture cross sectinns). Consequently, 2, alone cannot
be used as transport quality parameter in amorpbous silicoen either.
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1.1.6. The Normalized Mobility * Recombination Time Product poto

Formulas 1.20 and 1.21 show that O, 814 1%, depeod both sensitively oo the
dangling bond occupation functions f° f and f*. Couosequently, the
mobility * recombination time products for majority carriers (ﬂ“rﬂ)‘w aod for minority
carriers {u°¢" ]m associated with them, reflect primarily the "transport character” (whether
intrinsic, ccotaminated, doped or compensated) of a sample rather than the guality of the
material.

1t bas, however, been pointed out by [Beck 1996] that a knowledge of both values, i.e. of
[ g1 § L. allows one to determioe a "normalized” mobility * recombination time
product, L%1°. This parameter Uot° is cooceptually eguivalent with the mobility * recombioa-
tion time product that would be measored oa the same layer if all dangling boods were aentral.
POt takes iato account the band mobility of free carriers, as well as the total defect density. It
can be expressed as:

T =gy valﬂ,af (1.22)
ur? = 0 val& 2 (1.23)
Experimentatly it has been found that [Beck 1992, Beck 1993]:
Moty = uoeh =y’ (1.24)
Using this hypothesis, ut° can be written as:
utrd = Tppoe 1 (1.25)
eG 2z

where 2 is the correction factor compeosatiog for Fermi level depeadencies of the
mobility * recombination time product of majority carsiers:

/]
z:-sz g{-l-i-l‘i‘ggb (126)
f n b i

Here b is a parameter that reflects the "character” of the transport and which is defined as:

Q
b= L‘ _;;_1 (1.27)
LI 3

from eqns. 1.20 - and 1.15 it is found that b can be readily evaluated by:
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b I e'G
=
— (1.28)
(b+1y iIo,,C

For the evalvation of the correction factor z (and hence of §191) the capture cross-section
ratios @} / 0, and @} / 0, are needed. There has beca a lot of controversy in literature about
their values. [Henry 1977] for example assumed o* / ¢° to reach values up to 1000. [Street
1982], [Street 1983] reported oo values of o/ 0" =3 to 5. [Spear 1984] found that
o; / 6 230 but surprisiagly o, / o) < 1. [Vaillant 1986] suggested that 0* /0 =5 to
50. [Wyrsch 19911 determined o7 /6 = 100, while [Hattori 1991] published
o* / ¢® = 1.8. Thronghont this work we will suppose o*/0° =50 a veluc that was
determined by [Beck 1997] using two independent methods:

On one band a series of microdoped p-layers was analyzed. 1t was supposed that the
additional defects introduced by the dopaots would vary according to
N, = ]/-\,[dopam]j[SiHJ. This empirical law observéd by [Stutzmann 1987) and [Street
1991] was only respected by po1® for a value of the capture cross-section ratio of
o* / ¢° = 50. On the other hand the stepwise degradation behaviour of a slightly n-type layer
was studied. Here the defect density was monitored by the iofrared absorbtion a,, as
evaluated by the constant photocurrent method CPM. The changes of the yt°t" products of
majority and minorty carriers deduced from dphoro and from SSPG. Again a capture cross-
section ratio of ¢ / 6° = 50 was fitted to the experimental data.

Since (1010 is indepeodent of the dangling hond charge it does not suffer from the
drawbacks of the previously defined mobility * recomhination time products. In fact it can he
noted in Fig. 1.8 that p°t° remains independent of b while {u°¢ )w and (p°t" )m vary over
several orders of magnitude.

The arguments leading to the introduction of the p°1°-product as developped in the
present sectioo are purely theoretical. This matedal quality parameter bas been widely used by
our group for the optimization of deposition conditions or for the purpose of companison of
differcat deposition techniques. Thereby, its uscfulness conld he conselidated also
cxperimentally. Some of the studies carried out using §%t? are preseoted in chapter 3.
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Fig, 1.8: Calculation of mobility * recombination time products a5 a function of b= pn, [ typ,. The
normalized product was fived at %1% = 3-107 em®V™" (this corresponds e.g. to a sample with the following
microscapic parameters: py =10 cm*V7's™, a2 =107 am?, p) =3em®V7s™, of =310 cnd?,
v, =10 ans™ and N, = 310" em™). Depending on the Ferms level position u°t" and y_:'r: can
vary over several orders of magnitude; thereby, the pt-products as evaluated from O, and L, -
measurements follow accordingly.
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1.2. EVALUATION OF METASTABILITY

it has been mentioned in the introduction that the density of defects in an a-Si:H layer is
not fixed after its deposition. Indeed it has been observed in the very beginning of the history of
a-Si:H {Stachler 1977] that the influence of light stimulates the creation of additional gap states
which deteriorate the transport properties of the material. Different microscopic origins (for an
overview see [Shimizu 1993)) have been thought to lead 1o this light-induced degradation of
a-Si:H. But to the present day, none of these could be idemified as bein g the one and only cause
of this effect. Fortunately, the creation of dangling bonds does not continue indefinitely in a
given layer but it saturates at a certain level. Moreover, the whole process was found to be
reversible. In fact, the defect density in a film can again be reduced to its initial value by
thermally annealing the sample at moderate temperatures (typically T = 180 °C during
t= 2 h, followed by a slow cooling rate 1o prevent quenching? of defects).

fn the long run, the performance of a given a-Si:H device will depend on its saturated
defect density. It is, therefore, important that the characterization of material quality should not
be restricted to the annealed state, The degraded state, however, is not unique but results from
an equilibriom between creation and annealing of defects and depends, thus, sensitively on the
imposed environmental conditions (temperature, illumination) and on the sample history.
Consequently, we will introdnce a standard degradation procedure on the basis of which
different a-Si:H materials can be compared with respect to stability.

1.2.1 Theoretical Background

A complete and coherent theory of the underlying mechanisms of the Staebler-Wronski
effect is unfortunately missing up to the present day. In the following we will nevertheless
present a physical model of the defect creating process which will serve our purposes as a
conceptual guide. The underlying theory has been worked ont by M. Stutzmann who has
shown io very detailed experimental work to what extent this theory is consistent with
observation [Stutzmann 1985). Even though this theory illustrates very well several basic
features of a-8i:H material degradation there is some experimental evidence which can not be

2[¢ has been observed that the equilibrium defect density of a-Si:H increases with rising temperature [Xu
1989]. If an a-Si:H layer is cooled down rapidly after annealing (e.g. by dropping the sample into liquid nitrogen)
this higher defect density present al the annealing temperature can be frozen in. If a sample is atlowed to cool
down slowly the equilibrium defect density of room temperature can asymptotically be reached.
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1. Characterizatioa of amorpbous silicon layers

satisfactorily explained by it3. In this work no gnantitative interpretation of the degradation
dynamics will be based on the "Stutzmann-model”. (Note that alternative models have been
proposed and have been widely used to fit experimental data. The most prominent one is
thereby certainly the "defect pool" model (for an overview refer to e.g. [Smith 1988]). A major
drawback of this model is the fact that it leads to rather clumsy mathematical descriptions which
can be treated only numerically (and thereby allowing many fit parameters). A model whicb is
particularly snccessful in fitting the kinetics of degradation and annealing is the one of Redfield
(see [Redfield 1992] and references therein). This model is based on rate equations of creation
and removal of defects with a certain dispersion of the characteristic lime constants. It leads to
an analytical description of the experimentally observed degradation kinetics by streicbed-
exponentials. The underlying microscopic processes leading to the dispersion have been
extensively discussed in literature but are stil not convincingly established today. In more
recent work [Walle 1996] it bas been shown that a careful treatment of hydrogen diffusion
(including retrapping) leads to very similar ¢neves as the stretched exponentials. Thereby it is
unnecessary to invoke statistical distributions as in Redfields' theory.)

The model quoted here has the advantage of providing a very intuitive physical picture of
the underlying processes leading to predictions which are at least gualitatively well satisfied by
experimental results. Its key point is the assumption that the mecbanism creating a dangling
bond is the direct recombination of an electron from the conduction band tail with a hole from
the valence band tail providing thereby enough energy to break a weak Si-Si bond*. Since both,
an electron 2s well as a hole, are required simultaneousiy for this transition to cccur, the rate of
dangling bond creation can be expressed as:

Wy e hnp, (1.29)
diy
where N, denotes the density of dangling honds, Anp the number of tail to tail
transitions per unit time and ¢, a constant expressing the average efficiency of these transitions
for the creation of new dangling bonds.

3As an example for the limitation of this theory the shon term relaxation &ffects presented at the end of
this section could be mentioned. Other data which is difficult to reconcile with this medel is the one on
thermally generated defects (quenching from elevated 1emperamres, see ¢.g. [Srect 1986)).

4Photoluminescence Jata (peak emission at 1.3-1.4 V) suggest that virwally all of the band to band
recombination occurs via their tails. This is easured by the rapid thermalization of carriers in extended states
[Street 1991].
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The densities of electzons and holes in the conduction and valence band are given by:
G G
and p=
AN, AN,
Here G is the generation rate, AN, and AN, stand for effective transition rates of

electrons and holes respectively (being trapped by dangling bonds of all possible charge states).
These relations are valid as long as monomolecular recombination (e.g. via dangling bonds) is

n= , respectively. (1.30)

the dominant patbway reducing excess carrier densities in the bands. A more complete
description {but leading basically to the same qualitative observations) is carried out in
[Stutzmann §985]). Combining egns. 1.29 and 1.30 leads for the creation of defects to:

. .
Ny _ _G_(G] (1.31)

- —_
dt, A,,Ap Ny
This equation reveals several interesting features connected with the described model:

I)  The rate of creation of additional defects decreases with the density of already
present ones: dN, /dt, o1/ N5 . The creation of new dangling bonds is, thus,
inhibited by already existing defects since the tail 10 tail recombination of electron
bole pairs is bypassed by recombinations via dangling bonds®. Therefore the
process of degradation is self-limiting; i.e. the degradation ratg will forcefully
decrease to a value conmterbalanced by the rate of thermal annealing.

2)  The saturation level, i.e. the level at which the creation rate of additional dangling
bonds dN,, { dt,, reduces to a certain value, depends on the generation rate. (This is
because the free carrier densities depend on the ratio G / N, while the creation of

- mew defects is proportional to the free cartier densities (equ. §.29).)

3)  The degradation rate is proportional to the square of the generation rate. (This is
because both, electron and hole densities are proportional to the generation rate
while the probability nf a bimalecular recombination is proportional to these free
carrier densities. )

A stabilization of the degradation is obtained when the rates of dangling bond creation and
thermal anucaling are balanced. As a possible mathematical description of the process of
thermally stimulaced defect removat Stutzmann formulated the following equation:

SThis particular mechanism of the stabilization is specific to the "Stutzmann-model”. In the model of
Redfietd, for example, ons has to admit explicitly 2 maximum density of latent defects {e.g. weak bords).
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aN,, ,
e\ 1.32)
dty ’

Thereby, Ny inses Stands for the density of induced defects (1o allow also for a certain
density of stable defects) and v is a thermally-activated decay constant:

v=v, e T (1.33)

The parameters vV, and the activation energy E, can of course vary with the axact
configuraticnal sitvation of every metastahle state. This renders quantitative predictions of the
annealing dynamics impossible. Qualitatively, bowever, the following affirmations are implied
hy the model:

4)  The saturation level reached by the degradation depends sensitively on the sample
temperature. The equilibrium defect density is lower at high sample temperature.

5)  The sawration level of the degradation is 2 well defined state for a material exposed
10 & given generatjon rate at a certain temperature and it does not depend on the
history of the sample.

1.2.2. Degradation using CW Light

Since we are carrying cut our material studies in view of a later incorporation of the
optimized layers into solar cells, it might seem at first sight most correct to degrade the films
under the same conditions as those under which the solar cells will be later exposed during
operation. In a controlled experiment this would signify 1o irradiate the samples with an artificial
light source which matches as much as possihle the standard spectrum (AM 1.5, 1000 Wm'Z,
see section 2.1). There are two problems associated with this kind of layer degradation:

First of all one phserves that the time required to reach the saturation of the degradation is
extremely long. Depending on the type of sample and oo its degradation dyoamics [Kleider
1995] one can be forced to wait for months before the process of defect creation starts 10
saturate. Several means to shorten the degradation time (i.e. the time until saturation occurs)
have been proposed in literature. According to the theoretical background presented in the
previous section there are basically two possibilities, as long as CW light is used: Quoe can either
raise the light iatensity [Banerjee 1991, Lang 1991, Tonon 1991] or ooe can increase the
degradation temperature [Dawson 1996, Vigaoli 1996] to accelerate the onset of saturation, In
both cases, cne alters the equilibrinm between degradation and annealing. In fact one has to be
aware that the saturation of the degradation correspoads to a dynamic equilihrinm which is
shifted as soon as the hias conditions are changed. (In the first case of high light intensity the
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degradation rate will increase while the thermally stimulated recovery remains the same; in the
second case the thermally induced annealing process is enhanced). The saturated layer quality
will, therefore, depend on the applied conditions and may in extreme situations not even be
qualitatively representative for the state which would be ohtained under a long-term exposure
under standard cooditions (1000 Wm-2 at AM 1.5). For some of our experiments we used, as
B compromise, a source with abont 5000 Wm-2 at 50 °C.

The secood problem is related to the AM 1.5 spectrum. The problem is that the layers
which are deposited for material analysis are generally chosen to be considerably thicker
{> 1 wm) than what is typically needed for an i-Yayer in a solar cell (= 0.3 pm). Due to the
strong absorption coefficient of a-8i:H coe gets, therefore, an all but uniform generation within
the layer. The generation rate in the part of the layer facing the light is considerably higher than
deep in the material. As a result ooe gets an enhanced degradation at the surface whereas the
back part of the thin film is subjected to relatively moderate defect creation. Since the transport
of the carriers io a coplanar electric characterization is orthogonal to the direction of the current
in the solar cells, the transport process will here primarily take place in the best zone of the layer
and one tends, thus, (¢ overestimate the material quality in its degraded state.

Ideally, cne should, therefore, use a source at a photon energy sufficiently low to be
absorbed uniformly within the i-layer but high enongh to lead to a comparable mean generation
rate as one gets in solar cells. This can be achieved with a photoo evergy commespondiog to the
bandgap of the material (e.g. photons of an energy for which the ahsorption coefficient

o = 10% em-1},

The films which are studied do not all have the same bandgap. In & first attempt we nsed,
therefore, a source emitting over a relatively broad wavelength range close to the typical
bandgap energy of a-Si-H (1.9 ¢ V). We selected a high pressure sodinm lamp which offers the
additional advantage of a long lifetime (>15°000 h), as well as a satisfying stability of light
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Fig. 1.9: Spectrum of the Sodium high pressure discharge lamp used by us for CW light soaking of a-Si:H
layers,
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Light bulb

Flg. 1.10: Degradation system with sodium lamp. Up to eight samples can be fixed for light soaking on a
cylinder centered on the light bilb. Thereby symmetrical illumination of the samples from the front and the back
leads 1o a berter uniformity of the generation of carriers in the layer.

intensity over this period of time. The spectrum of this lamp is represented in Fig, 1.9. In order
to obtain a hetter uniformity of the generation throunghout the sample it was illuminated
symmetrically from both sides as indicated in Fig. 1.10. During light soaking the
phatoconductivity of the layer was monitored automatically; this allowed us to detenmine the
degradation kinetics as well as the moment when a saturation of the defect creation occurredS,

A typical curve for the degradation kinetics of an a-Si:H layer measured using this setup is
presented in Fig. 1.11. One notes that it takes about 106 s before the rate decelerates to less
than 10% per decade i.e. before the degradation process may be considered to enter saturation.

110 time [h): 1. 1i0 190 1000

g8 10° z
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410°
210°
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10" 102 10® 10* 10° 10% 107
time [s]

: ~1 . 1
ophoto [ em™)

Fig. 1.11: Typical degradation kinetics for an o-Si:H layer exposed in the sodium lamp based degradation
sysiem. Saturation occurs after approximarely 1085

©It is in fact a lucky caincidence that Ophoto (unlike Lamb) can be measured sutomalicglly and that during
degradation of intrinsic layers the changes of 41" 7® are reflected by Gphoto (i.e. by the u®1* -product of majority
carriers). This is 5o because the creation of dangling bonds at midgap actuslly pulls the Fermi level towards
midgap. It can be seen from Fig. 1.8 that 4% = p"r"lmj for b values which become smaller than the limit
g* / ¢° = 50. One notes (formula 1.26) that the correction factor z approaches 1 under this condition.
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Fig. L.12: Typical degradation kinetics of the photocorductivity of an a-5i:H layer deposited by the Hot Wire
method as measured on the sodium lamp degradation (SLD) system.

For our standard (VHF-GD, "very high frequeacy glow discharge™) a-Si:H films this
light soakiog system turned out to give satisfying 4nd coberent results (see e.g. Fig. 1.11).
However, in connectioa with our efforts to optimize as an alternative deposition method the Hot
Wire (HW) technique, this method turned out to be insufficient. In fact, we noted that high-
quality HW material presents a very different degradation kinetics when compared to GD
material. A stahility measurement of a HW layer as tested on the described systenmt is presented
ic Fig. 1.12.

One notes that for high-quality HW layers no clear saturation of the degradation couid be
observed even after 107 s, while in typical GD layers the saturation of the decay of the
photocoaductivity occurs between 105 and 105 5, Therefore, an alternative procedure had to be
established io order to verify whether in our case, too, the HW material really possesses, as
claimed by other anthors ((Mahan 1991]), 2 better stability than standard GD layers or whether
it only presents a glower degradation. This alternate degradation procedure is presented in the
next section.

1.2.3. Accelerated Degradatioo under Pulsed Light

Based on theoretical consideratioas as presented in sectioa 1.2.1 of the present work the
idea emerged that it should be possible to degrade a sample whithin a very short time by using
extremely high intensities. On the other hand, practically ali the energy ahscrbed in an a-Si:H
layer will be transformed into heat. Raising the geoeration rate will, therefore, inevitably result
in an increase of the sample temperature. This, in tum, will shift the dynamic equilibrium of
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creation and annealing of defects. To avoid this problem it is therefore of interest to work with
pulsed sources at high peak intensities while keeping the average intensity low.

For pulsed sources there is a simple relation between the average intensity, < I >, the
pulse width, 7, , the repetition rate, v, and the peak intensity, I ot Of the emitted light:

<I3= Lo Tt * Vi (1.34)

One notes that for a given value of <[> the peak intensity increases with a reduction of
the puise width; this makes light sources with narow pulse width particularly attractive for this
purpose. Several pulsed laser sources have been compared by [Stutzmann 1991]. He found that
the length of the laser pulses (and, thus, the peak power) is quite usimportant for the accelerated
defect creation, as fong as the pulse length remains short compaged to the typical excess cagrier
lifetime of about 10-6s.

While pulsed lasers have been extensively used since then for accelerated aging it was
only in 1994 that [Kocka 1994] proposed to use a combination of CW light together with a
pulsed source for a rapid aging under realistic conditions. In their case they nsed for the pulsed
source a ruby laser and an AM 1.5 simulator as a superimposed CW source.,

To reduce problems of non-uniform degradation associated with the AM 1.5 spectrum,

detaclor
prism
O~.. 3 J Dye laser (700nm) freﬁuency doubled
{-- — d-YAG leser
cylindrical : -~ - separator]~ - 1 (532nm)
lens <>
1
[ HeNe Ieser (633nm) J—krey Hiter —

beam splitter

" Fig. L13: Schematic representation of the accelerated degradation system and magnified view of the sample
holder (inser) The cylindrical lens is used to widen the beam of sthe pulsed laser, The optical paih of the slightly
diverging CW HeNe beam was chosen 1o be about 3m to obtain a sufficiently large spot size for a
homogeneous iilumination of the sample. The sample holder allows for an active temperature control.
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1. Characterization of amorphous silicon layers

as mentioned in section 1.2.1, we decided 10 use as the CW lightsource a HeNe laser with an
intensity of 100 mWem-2 and a wavelength of 633 nm. For optimum uniform generation
within the layer we illuminated our sample from both sides (see Fig. 1.13). Over this CW light
we superimposed the beam of a Nd-YAG pumped dye laser as the pulsed source iu order to
accelerate the initial phase of degradation. The repetition rate of this dye laser was 20 Hz. The
wavelength was chosen at Agy. = 700 nm. Its mean intensity was slightly lower than that of
the CW light beam (50 mWem'2), The average photogenerated carrier density in the layer (as
monitored by Gphoto) was, thus, almost entirely due to the CW light beam. Due to the low
absorption coefficient of the a-Si:H at A4y, only a smalt fractiou of the photons coming from the
pulsed source were actually "seen" by our films and tbe incremental effect on the
photoconductivity cormespoaded to only about 2% of the total photocoaductivity. Nevertheless,
since the energy was coucentrated into flashes of a duration of only about 10 ns we obtained
peek generatioa rates which were 10% times higher than the average generation rate, and this
lead to a substantial acceleration of the degradation process.

In Fig. 1.14 we present the kinetics of three typical degradation experiments performed
with this setup. The experiments have been carried ont using a sample which was thermally |
annealed back to its initial state after each degradation (here, annealing at 180 °C during 2h
turned out 10 be sufficicat). Each experiment consisted of an initial phass (A) where only the
CW laser is present. This pbase was used to cross-check the intensity of the CW beam hy a
measurement of the initial photocoaducﬁ\'ity of the layer under test. The duration of phase (A)

2

0@ 50 mWem™2 10 mWem™2 100 mWem®

| S—

final, sa'tura‘ted state e N

10‘5[ e | JIIJIIIJ il Anssand 2 osdian ol s s ensedl o g aased oo PRI BRI | iodasdd 2 g
10" 102 108 10 102 10° 10* 102 10° 10
tme [s] time [s] time [s]

Fig. 1.14: Three degradation experiments performed at different intensities of the pulsed source on the same a-
Si:H layer. After each degradation the sample was annealed during 2h ar 200 °C. In the beginning only the CW
bias source is used (phase A), as soon as the dye laser is added (phase B) one observes a strong increase in the
degradation rate. After saturation under the pulsed laser the latter is switched off and relaxation occurs. Note that
although the saturation levels under the pulsed source depends on its light inteusity one obtains the same stable
state for oll situations after relaxation
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has been "exaggerated” in this series of experiments in arder to demanstrate the accel¢ration of
the degradation with the additional illumination provided by the pulsed beam at the beginning of
the phase (B). Note that indeed the average intensity of the pulsed laser beam is negligible as no
increase of the photocanductivity of the layer can be noted when it is switched on. For each of
the three degradation experiments depicted in Fig. 1.14 a different intensity of the pulsed laser
during phase (B) was chosen. This bas a notable effect on the degradation rate as well as on the
extrapolated saturatinn level during this phase. It is important to note that the saturated level of
photoconductivity whicb is obtained just after using the pulsed laser is quite different from the
one we are interesied in because the high intensity of the laser pulses leads to a considerably
lower valne of stabilized photocondnctivity, Therefore, we finish the procedure with a
relaxation phase (C) using only the standard bias conditions (CW laser, layer at 50 °C).

Basically the layer can then be in either of the following three situations during this phase:
Either the preceeding degradation using the pulsed source did not create the density of defects
corresponding tn the long tenn standard (CW) degradation. In this case the layer would
contioue to degrade under the CW source alone {(this sitwation was oot observed in the
experiments depicted in Fig. 1.14). A second possibility is that the defect density obtained after
the pulsed degradation exceeds the equilibrium value nnder standard conditions. Under these
circinmstances thermally-induced and light-induced annealing of the material will occur after
switching off the pulsed source. Finally one may find the layer already after phase (B) in the
wanted staie. Then one observes a stable photoconductivity value once the pulsed source is
removed.

Considering the measurements presented in Fig. 1.14 one observes that independenily of
the pulsed source intensity the same final, saturated photoconductivity valne was obtained. This
finding coofirms observation 5) formulated above (section 1.2.1) and based on the defect
creation model. It is interesting in the sense that this fact allows certaiu precautinnary
procedures to be simplified. It is, for example, not necessary to adjust the pulsed beam intensity
in function of the infrared absorption of the layer under test. A second important remark
concerns the total time required for stabilization. While for all presented experiments the
saturation of degradation is reached after less than 10 (i.e. less than two days) there can, in
principle, occur "extreme” cases for which this duration can be substantially louger. if the
pulsed source intensity is too small (<<10 mWem2) the acceleration is not anymare
pronounced enough. The second "extreme” case is obtained for too high dye laser intensities
(>>100 mWcm-2) for which the relaxation phasc starts to last longer than just few days. These
twn "extreme" cases have indeed been experimentally observed in our work.
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Fig. L.15: Two experiments illusirating the short term relaxation effects. The laft picture is taken from
(Kocka 1994]. One notes that after every individual puise of the ruby loser ., is recovering partiatly
resulting in a sawiooth type of degradation. The right graph is a measurement done on our setup where the pulsed
illumination has been stopped too early. One observes a misleading relaxation of O, lnsting more than
1000 5 even though the stabilized state is not yet reached (as indicated by the ongoing degradation afterwards),

A further important remark has to be made coocemning the relaxation phase. In agreemeot
with [Kocka 1994] we noted the existeace of different types of relaxation pheoomena occurring
on different time scales (see fig 1.15). This behavior can not be explained hy the model
prescoted above for defect creation (sectioo 1.2.1); it clearly sbows the limitations of the model
described above under certain circumstances. In fact, it seems that the high intensity degradation
leads to a type of defects which differs from others by its fast recovery characteristics. While
we do not have any knowledge on the uoderlying microscopic nature of this sort of defect it has
an important eonsequence for the practical use of the described procedure. It means that the test
whether saturation is reached or not has to be done over a sufficiently long time scale (say
> 104 §) to discriminate between under- and over-degmdation. In our tests we observed no
further changes of the tendency after longer relaxation times.
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2. Characterization ofsolarocllsr

CHARACTERIZATION OF SOLAR CELLS

In the present chapter the "standard" measurement techniques allowing to characterize the
performance of solar cells are reviewed. First of all some basic definitions in the current voltage
" behavior of solar cells under illumination are outlined followed by some notes on the use of the
spectral response measurement as used throughout this work. Finally, the conditions under
which the stability of the cells under light soaking was investigated are described.

%1, CURRENT YOLTAGE CHARACTERISTICS

The primary measurement technique used to characterize solar cells consists in a
measurement of its current voltage behavior (i.e. IV-curve) under illumination. Since a
photovoltaic device can behave either as a power source or as a dissipative element (depending
on the applied bias voltage) a four quadrant measurement unit has to be used in arder to
accomplish a scan of such an IV-curve. A typical measurement result is presented in figure 2.1.
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Fig 2.): Typical IV-curve of an amorphous silicon p-i-n solar cell It generates electrical power in
the IV gquadrant (power dissipation P < 0). The electrical performance of this cell (dilution:
[H2]I[SiH¢] = 2, Tgep. = 230 °C, inirial state} can be characterized by Voc = 880 mV,
Isc = 151 mAcm-2 and FF = 74 %. The fill factor corresponds to the ratio of the rectangle
delimited by Imay ond Vinay (maximum power point MPP) with respect to the rectangle given by Ige

and Vo,
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The most important features of the IV-curve of a given solar cell are summarized by:

1)  The open circuit voltage (Voc), i.e. the voltage which builds up across the cell as
long as jts terminals are kept on a high impedance forcing the electrical current to
I'=0. This quantity is related to the bandgap of the semiconductor used.

2)  The short circuit current ([gc), i.e. the current which is generated by the solar cell if
it is connected to a low impedance forcing the voltage across the device to V = 0.
The current increases proportionally to the surface of the cell. Therefore it is
generally normalized by the cell area and expressed as current density denoted
by Je. '

3)  The fill factor (FF) corresponding to the ratio of the power which can indeed be
generated by the solar cell (under maximum power conditions i.e. when it is
connected to a suitable charge) to the product of Voo*lse. This factor is related to
the curvature of the IV-characteristics.

FF—![!E_VM. 2.1

JTsc"""usu':

These basic parameters do not only depend on the light intensity but additionally on its
spectral composition. Therefore it is important to dispose of a light source which matches as
close as possible the intensity as well as the spectrum of the sunlight under which the solar cells
are designed to ultimately operate. This solar spectrum can be regarded as blackbody radiation
emitted by a source at 5760 °K and filtered by both the suns’ and the earths' atmosphere, As
the latter changes locally in an unpredictable way due to the prevailing weather conditions a
typical ideal sun spectrum has been defined (and is reviewed cvery five years) by the ASTM
(American Society for Testing and Materials) Committee E-44 on Solar, Geothermal and other
Alternative Energy Sources. This definition of air mass 1.5 {AM 1.5) illumination (see
fig. 2.2) refers to sunlight traveling through an atmosphere 1.5 times thicker than in reality duve
to the actual inclined observer-sun path. Standard test conditions request to measure a solar cell
under light of this spectral composition at an intensity of 1000 Wm'? and at a temperature of
25 °C. It is, however, impossible to generate this spectrum artificially. Nevertheless it can be
reasonably approximated using a two source solar simulator (Wacom, WXS-140S-Super) as
available in our laboratory. This solar simulator combines the light emitted by a Xenon short arc
lamp (visible part) with the spectrum of a halogen famp (infrared part) by means of a dichroic
mirror.
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Fig. 2.2: Comparison of the standard solar spectrum {AM1.5) with the spectrum generated by
the solar simulator. The infrared part is composed by the partly reflected light of a halogen lamp
while the visible part is produced by a Xenon short arc lamp (deprived of its infrared pari by means
of a filter).

The density of the electrical power output of a solar cell, P, ., (measured at the maximum
power point, "MPP") Vdivided by the intensity of the incoming light, Iy, reveals the
conversion efficiency:

Lo JmcV, (2.2)

Iw Do

It becomes obvious that in order to get the highest possible conversion efficiency of a
solar cell these three basic cell parameters have all to be maximized. As they contribute with an
¢qual importance as proportional factors to the efficiency value it follows that any given relative
gain in one of these parameters will result in the same relative increase of :

y= s Voo FF 23)
f P :
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2.2,

More insight - especially on the optical performance of a solar cell - can be gained by a
measurement of its spectral response SR (or quantum efficiency QE). Physically this quantity
expresses the fraction of incident photons of a given wavelength which result in an electron hole
pair collected on the terminals of the cell (thus, contributing to the generated electrical current).
The flux of amriving photons is expressed as: )

P(A)= I(l)-i (2.9)
he

where I(A) stands for the intensity of the probe beam, and hc/4 for the energy carried
by a photon of the wavelength A. The spectral response” reads then as the ratio of the current
increase Aj_, to the probe beams' intensity:

A, (V,1)

SRV, )= o)

2.5)

A detailed description of the measurement setup used in this work to ¢valuate guantum
efficiencies can be found in [Fischer 1994). Fig. 2.3 shows a typical spectral response
measurement of an a-Si:H solar cell.

Provided that SR remains constant over a large range of bias light intensities the
photocurrent of a cell can be calculated for an arbitrary spectrum (and hence also for AML.5) by
the following integration:

1“
Juns{V=gq- ISR(V,R)-QM,_,(Z.)-dl (2.6)

Aaw

Note that the current of a solar cell is composed by the pbotocurrent on one hand and the
dark current of the junction diode (see saction 4.3). In the forward region one has, therefore, to
take into account the effect of the dark current ir order to obtain the total current density:

7In fact the spectral response has to be considered as a differential quantity which varies with the biss light
intensity as well 85 its spectrum. The most prominent changes of the spectral response curve as a function of the
bias light intensity occur practically at low bias light intensities (i.e. as soon as the optical bias starts to be
composed essentially of the probe beam itself. In this case, the red light response is measured under different biss
Iight conditions than the blue light response.). All spectrel response measurements performed within the
framework of this thesis were, therefore, measured using white bies light (halogen lamp with an IR filter).
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Fig. 2.3: Speciral response measurement of an a-Si.H p-i-n junction (same as in fig. 2.1)
performed at different bias voltages. The sharp drop to zevo for short wavelengths is due to absorption
in the ZnO front contact. In the long wavelengtk range the photons are not absorbed at alf and do
neither contribute to a current generation

Jo(Voly) = 3V 1o) + T 1y (Vo 1) ' 2.7

For short circuit conditions and reverse bias this indirect evaluation of the current is mare
precise than the direct measurement of the current under the simulator: The reasons are the fact
that the simulator does nnt perfectly fit the AM1.5 spectrum and the required intensity. An even
more important source of errors is the fact that we are on a laboratory scale working on cells
which have an area typically around 0.1 cm?2. Border effects® can, therefare, have a relatively
strong influence (the exact cell area can not be determined accurately leading to a high
uncertainty in the current depsity).

811 is 2 common practice to assume that in a-5:H only ¢lectron hole pairs which are generated between
front and back elecirode are collected (i.c. that the cell area can be defined as being the arca delimited by the
smaller of the two contact arcas, c.g. the back contact in the ¢asc of a p-i-nn diode). This is justified by the high
clectric resistance of a-Si:H which allows the electric current to travel over only short distances (i.¢. vertically to
the substrate). If highly conductive doped layers are used, bowever, "Interal collection™ (i.c. horizontal
transport of electric charge camtiers in the doped layers) may become important. The relative importance of the
lateral collection decreases with the cell area and is, hence, nrore impertant for small cells.
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In the section on light soaking of a-8i:H layers (section 1.2.2) we emphasized the
importance of the nniformity of the generation rate thronghont the width of a sample. The aim
of the layer degradation is to create an constant defect density distribntion corresponding to the
degraded state to allow comparison of different materials with respect to stability. The case of
light soaking of solar cells the situation is, however, more delicate:

2.3.1. light soaking of solar cells

In a solar cell degradation experimeot ooe is interested in finding the device performance
whicbh would be obtained after long term exposure under natural sun light. The most reliable
way to reach this degraded state is to illuminate it during a extended period with a sonrce that
matches reasonably well AM1.5, The requirements on the spectrum of the light are, therchy,
less severe than they are for a precise measurement of the light TV-curve. Fig. 2.4 compares the
spectra of several light sources to the AM1.5 spectrum. One notes that within the spectral
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Fig 2.4: On the 1op the SR curves of various cells of interest are shown. The lower graph compares the
spectral distribution of light emitted by different artificial sources to the spectrum of natural sunlight (AM1.5),
PLD refers to the fluorescent tubes used for degradation of ceils in this work. SLD stands for the sodium lomp

degradation system used for layers which were light soaked under CW light. The 3400 K blackbody spectrum
corresponds to a kalogen lamp.
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sensitivity of a-5i:H ceils the light of the fluprescent lamps used in our lab for degradation
(Philips, PL-L 95, “natural daylight”, 5300, 24 W) matches the standard spectrum AMI1.5
quite well. Actuaily one obtains a very similar generation profile hy both of these sources as
ohserved for the case of purely amorphous tandem cells: Stacked cells whicb were designed to
be "current-matcbed” under AM1.5 produced also the same top cell as well as bottom cell
current under this light.

Several of these tubes were grouped as an array ou the bottom within a box which was
painted in white such as to provide a uniform light intensity on its cover. The cells to be
degraded were fixed on this cover (with an area of ahout 900 cm?). The temperature of this
lightbox was controlled indirectly by means of a ventilator allowing a regulation of the air flow
through the degradation system. Since the degradation system was installed in an airconditioned
room this simple setup allowed the temperature to be kept stable at the set point value with a
precision of about 11 °C, The cell temperature amounted to 50 °C during light soaking. It was
measured by platinum reference resistor "PT100" which was fixed on the back of a dummy cell
that was mounted in the identical manner as the solar cells under test.
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3. Comparison of i-layer quality and cell properties

3. COMPARISON OF I-LAYER QUALITY AND
CELL PROPERTIES

In the previons two chapters we have presented the experimental techniques which allow
to characterize individual intrinsic layers and solar cells. It was argued theoretically that simple
i-layers are, in view of their incorporation into p-i-n junctions, best classified by the material
quality parameter 1°t° which is relevant for high collection in solar cells. In the present chapter
this i-layer characterization techrique will be applied to the optimization of the material produced
by different deposition techniques. In the case of the VHF-GD process these layers will be
incorporated into solar cells allowing to correlate tbe i-layer transport quality with cell
performances.

3.1, I-LAYER QOPTIMIZATION

In an oversimplified picture ope could view a p-i-n solar cell as being composed of three
layers: a p-type layer, an intrinsic layer and an o-type layer. Ideally it should then be possible to
optimize each layer ipdependently in order to be able to synthesize the most perfect solar cell
which can be produced with a given technology. Unfortunately things are more complicated
than that.

First of all one should be aware of the fact that the substrate on which a film is growing
can play a erucial role in the determination of the film morphology and otber microscopic
material properties. This effect is particularly rémarkable for very thin layers. It signifies e.g.
that 2 p-type layer (with a typical thickness of 10 nm which corresponds to approximately 20
atomi¢ layers) which is optimized on flat glass (an isolating substrate is required if the
conductivity of the p-layer is to be measured) may have very differept properties than wheo it is
deposited on a TCOS.

9In the case of the conventionat superstrate configuration {i.e. for the configuration for which the p-, i-,
and n-layer are deposited in this sequence on a transparent substrate which will face the light source during
operation) the p-layer is deposited on 8 TCO which differs from flat glass by many aspects which influence the
film growth: it is electrically and thermally conduclive, it is designed 1o be textured (for an efficient light
trapping), it has a polycrystaliine structure, etc. -
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On the other hand there has been a lot of work published ([Rech 1995], [Arya 1986], (3G
1994], [Platz 1996]) concerning interface treatments and interface Iayers which influence the
solar cell properties to such an exteot that one might be tempted to claim that a good solar cell is
composed of optimized interfaces joining "reasopable” doped layers together with a
"reasonable” i-layer.

Even though we think that the above formnlated arguments are certainly to be kept in
mind we are not completely pessimistic when considering such a “bottom-up approach” in the
optimization of a thin film solar cell. Especially concemning the i-layer, we think that due to its
thickness (typically larger than 300 nm, which corresponds to several buadred atomic layers)
the substrate has only a secondary influence on the hulk properties. As to the interfaces in
completed p-i-n structures there i$ certainly no doubt on the importance of their influence on the
cell behavior. On the other hand we are coavinced that especially the pbeaomennn of
degradation can to a large extent be attributed to the bulk of the i-layer ((Wyrsch 1994]) in
which case the quality of the i-layer is essential.

From this point of view we are persuaded that the optimization of simple i-layers makes
sense in the perspective of realizing more efficient a-Si:H solar cells provided that the intrinsic
layers are evaluated in terms of relevant properties reqnired for high performance solar cells. In
section 1.1.6 we have summarized some theoretical argnments indicating that the normalized
mobility*recombination time product u®t® fulfills the role of a pertinent material quality
parameter. It will be the purpose of the following section to consolidate this statemeot by
experimental evidence.

1.1, Assessment of the correlatioo between wot° and solar cell
parameters

To experimentally verify that uot® does indeed reflect the material quality for photovoltaic
applications a series of a-Si:H layers was deposited (thickness approximately 2.5 um) for
which the deposition temperature was varied from 120 °C to 200 °C. The p®1°-products of
these layers were measnred in the annealed state as well as after degradation (see sectinn 1.2.2)
in the sodium lamp degradation system (at an intensity of abont 5 suns from both sides). The
deposition temperature turned out to strongly influence the material quality as well as its stability
as can be seen in Tahle 3.1.

The pet-product in the initia) as well as in the degraded state increases monotonously
with the deposition temperatare. Note that in the initial state this tendency is not reflected
correctly if the uetR-products of electrons and holes are considered separately: When
considering only the electrons the layer deposited at 180 °C seems to be of higher quality than
the one deposited at 200 °C. This is due to a slightly higher contamination in the 180 °C layer,
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annealed state degmded state
uOgR | pOR b o0 pOrR | uOR b bt
electrons holes - {em2v-1) | electrons holes [cmz\"l]
fem?V-1] | [em?v]) fem?v-1] | [@n?v]]

200 °C }1.57¢-06}7.90e-09 195 |3.21e-07]2.21¢-08]1.68¢-09} 10.9 |1.81e-08

180 °C | 1.81¢-06}5.30e-05] 335 [2.34¢-07]9.50¢-09]1.01¢-09] 7.2 |8.28e-09

160 °C ] 1.46e-06)| 3.66e-09} 394 |1.65e-07]9.07¢-09]8.24¢-10f 3.8 |7.70e-09

140 °C ]2.85¢-07)|3.66¢-09f 75 |1.14e-07]3.46c-09]4.30e-10f 5.8 |3.09e-09

120 °C ]11.72¢-07{2.49¢-09] 66 |7.38¢-08]2.67¢-09]3.43¢-10f 5.5 |2.40e-09

Table 3.1: Apparent mobility *recombination fime products, 0, of electrons and holes (evaluated from
Ophoto and Lamp respectively) as well as the normalized y040-product of intrinsic layers deposited at different
substrote temperatures.,

as reflected by its higher value of b, and leading to a higher value of the pbotocoaductivity. On
the other hand, wheo coosidering only the uotR-products of boles one gets the impression that
the layers depostted at 140 °C and at 160 °C are ideatical. Here it is the higher cootaminatioo of
the 160 °C film which lowers its ambipolar diffusion leagth.

The same materials were also incorporated into otherwise ideatical p-i-a junctions (i-layer
thickness: 0.6 um) which were characterized, too, io the initial state, as well as after
degradatioo under white light (see sectioa 2.4.1). In Fig. 3.1 the pormalized spectral respoase
curves of these solar cells are compared. The purpose of such a cormalization is to obtain a
quantity which reflects the collection quality of the i-layer. The underlying idea is thereby that at
sufficiently high reverse bias voltage all photogeaerated charge carriers within the i-layer are
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Fig. 3.1: Normalized spectral response curves of solar cells deposited at different temperatures
measured in their initia] state. The spectral response curve measured at G V bias voltage was
thereby divided by the curve measured at @ reverse bias voltage of -3 V in order to obtain o
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actually collected on the terminals of the cell. The spectral response curve at high reverse bias
voltage reflects purely optical losses. Dividing the spectral response curve measured at O V by
the one obtained at high reverse bias voltage (-3 V) yields the fraction of charge carriers which
are collected under the field conditions prevailing at 0 V. By normalization one can, thus, gain
some information on purely collectioo related losses. This fraction of collected charge carriers is
somewhat wavelength dependeat for short wavelengths since electroa-hole pairs are geaerated
at different locations for differeat absorption cnefficients. In the long wavelength regioa,
however, when the probe beam of the spectral respouse measurement setup is absorbed
uniformly withip the cell (for A > 600 nm) this collection ratio remains constant and reveals
the i-layer quality.

A comparison of the cell measuremeats with the layer results is presented iz Fig. 3.2.
The normalized spectral response has beea evaluated, for this purpose, io the loag waveleogth
range (at 650 nm} and plotted versus the uote-products measured in layers. In the initial as well
as in the degraded state one observes, thereby, a very good correlation.

A second series of Jayers and cells was deposited at the temperatures of 150 °C, 170 °C,
220°C, 270 °C and 320 °C. In Fig. 3.3 the conversion ¢fficiencies of the solar cells are
compared with the uoto-products of the correspoadiag i-layers. Qoe observes a surprisingly
excellent correlation over the whole range from strongly degraded low temperature material up
to high quality material in the annealed state. Only at very high temperatres (320 °C) one
observes tbe teodeacy of a decreasing cell efficiency in spite of the remaining high
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Fig. 3.2: Relation between the normalized red light spectral response and the 2 1%-product of the
corresponding i-layer. The lines are guides to the eye. The cells have been light soaked under
AM 1.5 white light while the layers were exposed t0 the light of a sodium lamp of about 5 suns
total intensiry.
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$101°-product. This effect is thought to be due to interdiffusion problems which are frequently
encountered when depositing cells at elevated substrate temperature {e.g. [Platz 1997)).

This nice correlation is surprising since the cells have not been degraded in the same
manner as the layers (i.e. one would not expect the correlation tn extend from the ceils and
layers in the annealed state down to the cells and layers in the degraded state). Also, it is clear
that the canversion efficiency value 1 contains severa! cantributions which are not directly
connected with the quality of the i-layer (such as e.g. the Vi, or the I 17 - as becomes apparent
through the relation 17 o< Jy. -V, - FF - or implicit terms like ¢.g. the R;). A correlation, as the
obtained here, requires, thus, a high degree of reproducihility in the fahrication technology of
the whole cell.

We concluded from these results that 1ot° does indeed reflect the potential of an a-Si:H
material for its use in a solar cell. It is, nevertheless, important to bear in mind that the stabilized
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= L oy N ]
F L 08 ]
g O o ]
o ‘t o ]
= - 1
w o 4r o ]
C og ]
2f  °® .
C o ]
i " Ld o paal i ey | l i 3 '

10°® 108 107 10°

1o [em?V]

Fig. 3.3: Correlation between solar cell efficiencies and the u°t? products of the i-layers
incorporated in these cells. The first series of layers and cells (covering the temperature range from
120 °C 10 200 °C) is represented by squares. The second series (deposited between 150 °C and 320 °C)
is represented by dots. The line reflects the tendency of initial state uP1%-products and cell efficiency as
a function of the substrate temperature.

10y . tends 10 decrease for lower gaps (obtained when increasing the deposition tempernture) while the
. opposite tendency is observed for Igc.
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cell efficiency which can be achieved using an i-layer with 2 given pote value does also depend
oa other factors, It is, for example, well knowo that "mastering the interfaces” is crucial for
obtaining high coaversion efficiencies, With pore, we found a significant, limiting parameter in
solar cells which can be optimized independently. Qur quest for the most suitable deposition
method and for the optimur deposition parameters was, therefore, gitided by (Lo,

3.1.2. Study of the effect of hydrogem dilution and the deposition
temperature

3L2.1. Materig sudies:

The coocept of the ¢valuation of the material quality by means of the pot®-product was
applied during the optimization of the hydrogea diluticn and the deposition temperature in the
VHF-GD process. A series of layers was deposited at the substrate temperatures of 195 °C,
235 °C and 280 °C. For each temperature three layers were deposited with hydrogea dilution
ratios (given by the ratio of the gas flows: [Hp)/[SiHa]) of 0. 2 and 9.

The optical absorption data of these layers were measured using the procedure described
in sectico 1.1.2 as well as by PDS (photothermal deflection spectroscopy, for a description of
the experimeatal setup used in this work refer to [Curtios 1989]). The PDS data revealed that, at
2 substrate temperature of 280 °C, the onset of microcrystalline growth starts already at &
dilution ratio of 9 (At lower substrate temperatures, higher dilution ratios (>20, see [Fliickiger
1995]) are required to deposit microcrystalline silicon). This layer (280 °C, dilution 9) was
therefore no longer considered in the subsequent transport studies. The absorption coefficients
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@ 1.2 O
< 1 #1895 °C:
agi W
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Fig. 3.4: Absorprion coefficients of a-Si:H films deposited at substrate temperatures ranging from
195 °C t0 280 °C using different kydrogen dilution ratios. The lines are guides o the eye.
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Fig. 3.5: Comparison of the u°t®-products of a-Si:H layers deposited at different substrate lemperatures and
using various hydrogen dilution rarios given by [H2}/{SiHgs]. Each data point corresponds to an individually
contacted and measured sample. On the right the facior b of these same films is shown. The deposition rates
abtained gre indicated for each dilusion

measared at 633 nm (this wavelength has been choseo becanse the transport measurements
were carried out using a HeNe laser emitting at this same wavelength) are represented in
Fig. 3.4. Two general trends can be noted: First of all the absorption coefficient tends to
increase with increasing snbsirate temperature. Seccodly, the absorption coefficient decreases
with increasing hydrogen dilntion ratie. These observations will be important if solar cells are
produced using these layers (Oo one hand the short cirenit current depends directly on the
absorption coefficient. Strongly absorbing i-layers can be made thin, leading, therefore ,
indirectly to an angmented cetl stabtlity. On the other hand the absorption is also related to the
bandgap of a material which inflnences, of course, the maximum cpen circuit voltage which can
be obtained.)

The electronic transport of these samples was afterwards analyzed by dphoto and Lamb
measnrements. They allowed us to determine the pot9-product, as well as the factor b, which
corresponds to the ratio &=pn, /117 p, . The results as they were measured after annealiog
(2 h at 180 °C) are represeoted in Fig. 3.5. The transport quality in the initial state shows a
pronounced decrease at elevated hydrogen dilutioss. This is to some exteot correlated with the
factor b, which indicates the level of contamination of a layer. One notes in Fig. 3.5 that the
layers deposited nsing an elevated hydrogen dilution are more contaminated than the ones
deposited without addition of hydrogen (the factor b is here typically ten times lower), We think
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Fig. 3.6: yCt%-products of a-Si:H layers deposited using various deposition conditions after pulsed degradation.
The (2 t%-products of the samples have been ploned vs. the Ha-dilution (left) and vs. the substrate temperature
(right).

that this is connected to the fact that the deposition rate is cousiderably lower when bydrogen
dilution is used!!.

More important, however, than the transport quality in the anncaled state is the stability
under light soaking. The films have therefore been degraded with a pulsed dye laser (as
described in Fig. 1.14). The results arc summarized in Fig. 3.6. They show quite clearly that
the quality of undiluted films increases with the deposition temperature (as has beeu noted
previously for the temperature series presented in section 3.1.1). It is interesting to note that
bydrogen dilution strongly eénhances the stability. This increase in the material stability can be
already observed at a dilution of 2. Diluting even further seems not to enhance the stability
further. These more stable, hydrogen diluted films exhibit a less pronounced dependency of the
degraded poto-product on the deposition temperature.

Part of the films of which the optical and electrical characteristics were presented above
were incorporated into p-i-n solar cells. In a first time the effect of hydrogen dilution at

11Thersby, we assume thai the main source of coniamination is the reactor itself. Indeed, if one assumes a
constant outgassing rate of the reactor (which is, of course, independent of the deposition rate) and that a certain
freciion of these contaminants are incorporated into the growing layer then one finds that the contamination
increases at low deposition rates (see e.g. [Kroll 1995]).
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Fig. 3.7: Solar cells (with an i-layer of 450 nm) made using the i-layer material characterited above (Fig. 3.4 to
Fig 3.6). The filled symbols refer to the annealed state, the open symbols represent values after degradation. The
circles represen: cells deposited at 235 °C, the squares represent cells deposited at 195 °C.

“"standard” substrate temperature (i.e. at 235 °C) as well as at low snbstrate temperature (i.e. at
180 °C) was further elucidated directly by depositing complete solar cel] structures (for a
detailed analysis refer to [Platz 1996]12). The i-layer thickness of these cells was 450 nm (i.¢.
thicker than what is required for optimam stabilized efficiency) in onder to make the effect of the
i-layer quality on the cell properties more canspicurous.

A summary of the different cell performances obtained is presented in the Fig. 3.7.
Thereby severa] observations can be made which are directly related with the i-layer properties
as presented above: First of all one ootes that the tendencies that were ebserved in the optical
absorption (increasing with the deposition temperature, decreasing with the hydrogen dilution}
are reflected by the solar cells' open circuit voltages and short circnit currents. It appears that the
Voc is higher for the cells deposited at the lower substrate temperature and tends to grow with
increasing hydrogen dilution. This is related to the bandgap of the i-layer material. The effect on
the short circuit current of the cells is exactly opposite. The values of 1g¢ are systematically
higher for the cells grown at the higher deposition temperature and tend to decrease (together
with the absarption coefficient) when hydrogen dilution is applied. This difference of the
isc-values -of approximately 0.7 mAcm2 persists also after degradation. Concerning the
stability of the cells cne enconnters again (as it was noted for the i-layer material alone) an
improvement as soon as a hydrogen dilution of abont 2 is applied. The relative increase of the
fill factor amounts to abount 10 % in the case of low temperature material while it is anly abont
4 9 in the case of material grown at standard deposition temperature. As a result one obtains

12The deposition temperatures used in the quoted anticle were based on a old calibration. For comparison
220 °C there corresponds to 235 °C here, while 180 °C is equivalent to 195 °C substrate temperature.
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the highest cell efficiencies at both deposition temperatures, when a bydrogen dilntion is
applied.

In the example above the most efficient cell (afier light soaking) was found to be the one
with the highest FF and hence the one incorporating the i-layer with the highest u®t@-product.
This not necessarily always the case. As has been mentioned in section 2.3.2, the p1%-prodnct
pliys an increasingly important role with the i-layer thickness. For extremely narrow i-layers
bad transport properties can be compensated by the higher prevailing electrical field.
Additionally, one must not forget that the carrier collection (related to the fill factor) constitutes
only one step in photovoltaic energy conversion. Vo and Ige have to be considered as well to
calculate the efficiency. The optimum cell obtained in the dilution series above will not be the
most efficient for every application as will be demonstrated below, Actually there are situations
for which the bandgap of a material plays the crucial role. An example for this constitutes the
optimizatjon of the top cell for tandem applications:

This problem became particularly critical with the advent of a-Si:H/pc-Si:H
beterojunctions [Meier 1996). In such "micromorpb” thin film cells an amorphous and a
microcrystalline silicon cell are optically and electrically series connected. Thereby both cells
should generate the same current o achieve optimum performance!3, This is difficult 1o realize
in the case of micromarph cells for the following reason: In any stacked cell structure the upper
cell has to generate its current in oaly one single passage of the incident light (whereas in simple
cell structures a good back reflector increases virtually the apparent i-layer thickness by a factor
twa)1¢. Due the extended absorption range of (1c-Si:H in the infrared region {leading to a total
current of ca. 26 mAcm-2) as muchb as 13 mAcm-2 have to be generated in the amorphons top
cell (deprived of its back reflector). If the optimum cell (with highest stable efficiency) does not
reach this threshold the overall efficiency (of the tandem) can be lower since part of the
photogenerated current of the microcrystalline cell is wasted.

In this context, a study was carried out using the undiluted high temperature material
which is attractive because of its high absorption value (sce Fig. 3.4). A series of thin cells was

131f the so called "current matching" is not optimized the cell with the lower Ige (limiting cell) forces the
other cell into a working point below its optimum power point lowering the total efficieacy. (A slight current
. mismatch can sometimes be desircable if the two celis have different fill factors [Pellaton-Vaucher 1998])

1445 interesting stacked cell design with & parsially reflecting internal mirror has been presented in
[Fischer 1996].
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Fig. 3.8: Solar cells made using the i-layer material characterized above (Fig. 3.4 1o Fig 3.6). The filled
symbols refer to the annealed state, the open symbols represent values after degradation, The circles represent
cells deposited ar 280 °C without Ha-dilution, the diamonds represent "standard” cells (deposited at 235 °C), the
squares indicate optimized low-temperature (195 °C), Ha-diluted cells. The ceils on the left include an efficient
back reflector while the right cells are deposited on an absorbing bottom cell.

deposited using this material for the i-layer. Thereby an appropriate p-i interface layer had to be
developed in order to avoid a disproportionate decrease of the Ve and of the FF at high
temperatures (for more details refer to [Platz 1997] 5). The cell parameters of this series are
summarized in Fig. 3.8, where for comparison also cells deposited at low temperature and
using hydrogen dilution and cells made using "standard” deposition conditions are indicated,

One notes that -in contrast to the results presented in the previous paragrapb - for these
thin cells the increased stability of the hydrogen diluted material (Fig. 3.6) has hardly an effect
on the fill factors (the stabilized fill factors of cells deposited at low temperature and using
hydrogen dilution are approximately equivalent to the unes made nsing "standard” deposilion
conditions.). However, when deposited on a microcrystalling bottom cell, only the high
temperature material reaches the desired current of 13 mAcm-2,

15The temperatures indicated in this publication are setpoint values. A value of 220 °C there corresponds
to 195 °C, 270 °C 1o 235 °C and 330 °C to 280 °C.
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3.1.3, Comparlson of VHF and DC PE-CVD

The deposition of a-Si:H by PE-CVD using elevated excitation frequencies in the VHF
band (30-300 MHz) introduced by cur group [Curtins 1987] bas shown to be advantageous in
many aspects (high deposition rates for high quality material, low powder formation, reduced
mechanical stress, etc. - for an overview see [Shah 1992]). For an industrial process, however,
the DC glow discharge process can be implemented more easily (the homogeneous coupling of
the electrical power at high frequencies into the plasma requires a careful reactor design which
can be simplified when working with a DC excitation). And it has been shown on a large scale
by the Solarex company [Yang 1996] that highly fficient solar cells can be made as well using
this process.

The study presented in this section was carried out in order to compare these deposition
techniques (VHF PE-CVD and DC PE-CVD) from the point of view of the material quality that
can be obtained when emplaying either of the two techniques. For this purpose i-layers bave
been deposited with the DC PE-CVD technique using comparable substrate temperatures and
bydrogen dilution ratios at which also VHF depositions bad been carried out. These layers were
characterized by the same methods as described in the previous section.

Regarding the optical properties (see Fig. 3.9) similar trends as the ones observed in the
case of VHF deposited material were noted: Employing hydrogen dilution led to & considerable
reduction of the optical absorption coefficient while raising the substrate temperature had the
opposite effect.
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Fig. 3.9 Absorption coefficients of a-5i:H layers deposited by DC PE-CVD at different substrate
temperatures and kydrogen dilution ratios.
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Fig. 3.10: Material quality (as indicated by the y°1°-product) of a-Si:H layers deposited by DC
PE-CVD using different subsirate temperatures and hydrogen dilution raties after degrudation.

The stability of the electrical transport properties of the DC PE-CVD deposited material
has been evaluated by the poto-product after accelerated degradation with the pulsed dye laser.
The results are plotted in Fig. 3.10. One observes that from the point of view of the stability
the material quality can be enhanced by depositing the a-Si:H at higher substrate temperatures.
Dilutioo of the feed gas by bydrogen also leads to a better uot0-product after degradatioo, In
contrast to the observations made in the case of VHF PE-CVD we observed here a sharp
optimum for a dilution value of 2 for which the value of u°t9 is about three times higher than in
the case of undiluted films. Increasing the hydrogen dilution ratio to values exceeding a factor 2
bas a detrimental effect oo the material quality after degradation. The peto-product decreases
then to values which are eveo worse than for undiluted films. Conclusively we found it very
interesting to note that optimized films deposited using DC PE-CVD as well as VHF PE-CVD
have both a very similar transport quality after degradation.

3.1.4. Estimation of the potential of HW material

Today, RF PE-CVD (excitation frequency: v, ... =13.56 MHz) and DC PE-CVD
techniques are the only two methods which are used on a large, industrial scale for the
production of a-8i:H films. Many other deposition techniques (such as magnetron sputtering,
photo-CVD, microwave glow discharge, electron cyclotroo resonance (ECR} plasma vapour
deposition, pyrolytic CVD, etc.) bave been (and continue to be) investigated on a laboratory
scale [Pankove 1984). Ooe of them, namely the Hot Wire (HW) technique, has particularly
attracted our attentioo after repeated claims by another group that the films deposited nsing this
technique are more stable [Mahan 1991). Thereby the feed gas is decomposed thermally on 2
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Fig. 3.11: Comparison of uO0-products measured on a-Si:H films produced by VHF PE-CVD
{open symbols) and DC PE-CVD (filled symbols) with two optimized HW layers. All layers have
been degraded using the pulsed laser.

bot filameot (coecsisting ecormally of a tupgsteo wire at a temperature of
1000 °C < T < 2000 °C) to form reactive species.

A deposition system has thus been devoted to the study of the HW depositioo technique
{Ziegler 1997]. A big effort had therchy beeo made to control the substrate temperature at a
constant value during the whole duration of the deposition!é. Ultimately two optimized thin
films deposited at 320 *C (uediluted) and at 270 °C (with hydrogeo dilution), respectively,
could be characterized and compared to the previously presented PE-CVD material. Fig. 3.11
shows a comparison of the uot9-values of these HW layers with the oces of the a-Si:H films
produced hy VHF PE-CVD and by DC PE-CVD from the previous sections. All the
uoto-products were measured after applying the degradatioo procedure using the pulsed laser.
One sees, that the highest u®t9-product has beee measured oo the HW sample deposited at
320 °C. Its value is even higher than the ooe of the best films preduced by PE-CVD usiog a
slight hydrogen dilution. The transport quality in the degraded state of the second HW layer
which was deposited at a somewhat lower substrate temperature (270 °C - which is still rather

160ne major problem arises in the HW deposition technique by the fact that the depositions are generally
done at lower pressure than in the case of PE-CVD. Therefore, the substrate temperature is here not controlled by
thermat conductivity but starts to be increasingly dominated by rathiation, During the deposition of a layeron a
substrate the thermal emission of this latter changes 1eading to strong temperature vasiations during the growth.
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Fig. 3.12: Optical absorption coefficients measured at 633 nm on a-Si:H films produced by VHF
PE-CVD (open symbols), DC PE-CVD (filled symbols) and by HW.

high compared to the standard deposition temperature for satar cells of 235 °C) was found to be
comparzable to the oee of diluted PE-CVD material.

The second observation which makes these HW films eveo more attractive for solar cell
applications is the elevated optical absorption coefficient measured on those films. Fig. 3.12
shows a comparisen of the absorpticn coefficients of red light of a-Si:H produced using
different depositios methods. Ooe ootes that the bydrogeo dilutioa required to produce more
stable material by PE-CVD has the teodency to increase the optical bandgap leading, thereby, to
a reduced absorptioo. The HW films which also exhibit an excelleat stability, bowever, have an
absorptioo ceefficient which is comparable to undituted PE-CVD material.

Both, its enhaoced stability combined with its high absorption coefficient make the bigh
temperature HW material (320 °C) an interesting candidate for solar cell applications. The high
deposition temperature is, oevertheless, to be coosidered as a major obstacle to a
straightforward implementation of the film into a p-i-o diode. Problems such as the deterioration
of the p-layer duriog the subsequent deposition of the i-layer at high temperature or the
diffusioo of impurities leading to an excessively contamioated i-layer bave to be overcome. Up
to sow, we have not been able to make a solar cell demonstrating a better stabilized efficiency
by incorporation of a more stable i-layer deposited by HW,

CONCLUSIONS

In the beginniog of this chapter we presented a cotrelation between the i-layer material
quality and the solar cell parameters of devices incorporating these same i-layers. Thereby, the
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variation of the pot®-valnes observed in the layers was clearly reflected in the cells which were
made relatively thick on purpose {in order to emphasize bulk effects). The clearly monotonons
relationship between the stabilized fill factor of a cell and its i-layer pot@-product encouraged us
to apply this criterion to the optimization of the deposition conditions. Thereby, we studied the
effect of the deposition temperature and of the bydrogen dilution in view of (relatively thick)
single junction cells wbere again a nice correlation was obtained. It was also shown that the
criterion of the maximization of the i-layer material qunality as monitored by p°1° does not
universally lead to the most efficient cells for every usage. As a particular case we presented the
optimization of (relatively thin) top cells for tandem structures where the stability of the i-layer
was shown to be of secondary importance.

Comparison of different deposition technologies based on transport quality measarements
by pnot9-products showed that using DC PE-CVD one is able to produce a-Si:H of comparable
characteristics as the material obtained by VHF-GD. In both cases moderate bydrogen dilution
bad a beneficial effect on the stability. The HW technique was sbown to bear an interesting
potential once the obstacle of the high snbstrate temperature ¢an be overcome.

-55-



4. Theory of the photocurrent collection in p-i-n solar cefls

4. THEORY OF THE PHOTOCURRENT
COLLECTION IN P-I-N SOLAR CELLS

In the preceding chapter we demonstrated the usefulness of the material quality parameter
Wot® for the characterizatinn of the i-layer in a "bottom-np approach” of the aptimization of
more stable a-Si:H based thin film solar cells. The cells were, thereby, characterized by two
methods which have to be regarded as basic with respect to the information they provide:

. The IV-curve of a solar cell describes its global behavior under illuminated
conditions (e.g. AM 1.5). It allows the maximum power point, the total curreot and
the apen circnit voltage to be determined.

+  In cootrast to this one can measure the external quantum efficiency with the SR
setup. This permits tbe current debsity to be known. Optical losses due to
teflectioo, ahsorption in dead layers (for high energy pbotans) or because of non
absorption {for low eoergy photons) can be estimated with the SR as well as losses
due to a bad collectioo.

One notes that neither of the two standard solar cell characterization tools allows a
quantitative analysis of the i-layer material quality within the completed solar cell structure to be
done. In order to get a complete picture of the state of the art of a given cell technology one is,
however, also interested in a tool which allows this reverse analysis to be undertaken. Snch a
feedback is important to confirm that an i-layer performs according to its potential when
incorporated io 2 p-i-n structure. This allows to distinguish between bulk material related
limitatioos and other effects (such as interface recomhination, shunt resistance losses efc.).
Being ahle to measure the i-layer material quality directly within a p-i-n structure would also
allow a direct comparison of material properties when grown on different types of substrates!?

17Remember thal the "working hypothesis™ in chapter 3 was the assumption that the growth of an
4-5i:H layer is essentially independent on the substrate type. We assumed that the same deposition conditions
which lead on isolating corning glass substrates to the growth of thin films with an optimum transport quality
(and stability) remain ideal when applied for the deposition of the i-layer of & selar cefll on 2 substrate covered by
2 TCO.
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4. Theory of the photocurrent collection in p-i-o solar cells

In the past the FF was often nsed to correlate the solar cell performance with the material
quality of its i-layer. The problem witb this is the fact, that the FF is influenced by factors
which are not directly connected with the i-layer quality as such, but which sbould be
counsidered as parasitic losses. A high scries resistance for example can strongly reduce the
value of the FF but its crigin lies ia the electric contacts (too thin or not sufficiently conductive
TCO, metallic grid unable to carry the currest without remarkable voltage drops) rather than in
the i-layer quality. Oa the other hand shnnts may reduce the FF without being intrinsically
related to the i-layer quality. They can be formed at the border of the cell when patterning the
cells for the series connection or they can be located within the cell area (e.g. due to dust
particles during the deposition).

In order to tackie this problem we need to deepen cur understanding of the way in which
the actual epergy conversion takes place in a solar cell and its limiting factors. The most ¢ritical
step related 1o the transport quality of the i-layer is, thereby , identified as being the process of
the collection of pbotogenerated charge carriers, This process is analyzed theoretically in more
detail in the present chapter. It was pointed out in section (1.13) that the basic transport
equations can not be analytically solved for the general case. To get a complete picture one
would, therefore, be obliged to calculate numerical solutions to the problem. Several gronps
bave developed computer programs which allow sophisticated models to be implemented (e.g.
(Arch 19911 ("AMPS™), (Hack 19851, (Smole 1992} {"ASPIN"}, (Sticbig 1994], (Zeman
1997] ("ASA™). In this work, however, we preferred to gain more pbysical insight to solar cell
pbysics by cousidering particular simations for which analytical solutions can be fonnd.
Thereby, we are conscious that the better precision of the more rigorons computer simulation is
sacrificed for the sake of clarity and understanding.

We present, first of ali, several models of the photocurrent coilection which have been
used in the past for the analysis of 8-Si:H p-i-n diodes. The differences of these models are
pointed out ¢o allow for 4 direct comparison of the resul¢s obtained wheo applying each of them.
One modet is then extended analytically to the more general case with a non-constant electric
field within the i-layer. Finally a characteristic quantity for solar cells is defined (the collection
voltage, Vo) Which is (within this theory) related to the transport quality of the i-layer of a

lection

p-i-n solar cell.

In the perspective of measuring the i-layer quality directly within a completed p-i-n
structure we need a model describing the influence of the transport properties of the i-layer
material on the solar cell behavior.
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4. Theory of the photocurrent collection in p-i-o solar cells

We will in this section conceotrale on the way the drif lengihs of electrons and holes
influence the photocurrent collection. This is expressed by the collection function ¥, which is-
defined as:

-dx
=Qmm=!ﬂm=l_&n_ 4.1)

ngfmkd Igmmd J G(I) -dx

4.1.1. Hecbt collection model:

It is interesting to noie that eatly investigations of the collection efficiencies of
photogeoerated mobile charge carriers were performed oo isolating crystals (NaCl, AgCl,
diamond, ZnS) rather than on semiconductors. [Hecht 1932] developed a single camier
collection mode] describing the primary photocurrent generated in macroscopic erystals which
were laterally illnminated. It will be mentioned here becanse it presents the hase for several
models which were used to describe the photocarrier collection in amorphous silicon p-i-n solar
cells:

He assumes that a charge carrier ¢ that moves along the length d between two electrodes
separated by the distance L comresponds to a collected charge of:

q:e-% | @.2)

Supposiog further a decay of the total charge (N, generated at x=0) following the
Lenard equation he calculates the charge at a distance x:

X

N,=N,e" @.3)

where I, deootes the “schubweg" {or drift length) of the generated carriers which is found
to be proporticoal to the electric field E.

Integrating the movement of a sheet of charges geaerated at ooe extremity throngb the
whole crystal leads to a collection efficiency of:

L X <z
_%«i_ jND-e-e‘ de Ll {4.4)
Qren No L L
4.1.2. Craadalls' collection model:

It has been shown by [Crandall 1983] that a resnlt formally identical to the Hecht equation
is obtained if one calculates the collected current jo a solar cell with ficld driven transport of
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4. Theory of the photocurrent collection in p-i-n solar cells

uniformly generated carriers. As simplifying assumptions to allow an analytical sclution of the
basic transport equations (equs. 1.4 - 1.8) he assumes the following:

a)  charge transport by diffusion can be neglected which implies that:

E-p):G—-R , (4.5)
Z{(u® E-n)=R-G 4.6)

b)  the electric field throughout the whole structure is uniform and amounts to:
E=(Vy=Vipea)/ L (4.7)

¢}  the recomhination is described by the Shockley-Read formula [Shockley 1952]
(which was deduced for the recombination on traps which may exist in either of two
states differing by one electronic nmit rather than on amphoteric defects as
encountered in a-Si:H).

d) by the "regional approximation” he simplifies the recombination function further to:

R=£ with 7, = for x> x, : (4.8)
T, ValNpo,

R=L with 7, = for x<x, 4.9)
Tn VMNJBGH

These approximations lead formally to the same collection function as the one fonnd by
[Hecht 1932], however, with & different signification of I. In this case I; denotes a collection
length ) =1 +1,, where [, = u277E and {, = u27]E are denoting the drift lengths of the two
carriers:

l -i
X=—I’{l-e ”] (4.10)

This model has been applied by {Faughnan 1984] to relate the FF of cells to the collection
length of a material at zero applied voltage: &(V, ., =0). More recently [Hegedus 1997,
Hegedus 1994] presented fits of I-V cnrves of a-Si:H and a-S$iGe:H cells which were "in
excellent agreement with this model". '

-59-



4. Theory of the photocurrent collection in p-i-n solar cells

4.1.3. Rechs' collection modsl:

A different physical model for the photocarrier collection has been proposed by [Rech
1997]. Surprisingly his model again leads to the formally identical function even thougb the
argument is quite different: In fact, he supposes that:

a) diffusion of charge carriers is negligible with respect to the dnift current

by  the electric field is constant in the i-layer and bas the value given by eqn. (4.7)

c)  the photocurrent is limited to holes alone which bave constant collection length /:
l=p)T E @.11

d)  the photocurrent is the integrated product of the generation rate of carriers at a
location x and the probability that these charges are collected:

L
in(A)=e[G(xA) P(x)-dx (4.12)
]

The difference with respect to the two previous models is the idea that charges that
move within the i-layer without being collected at one extremity do nat contribute 1o
an external current.

e) the collection probability of charge carriers generated at x can be expressed
according to the following equation:

P(x)=e ¥ (4.13)

In the long wavelength limit wben the generation profile is assumed to be uniform thronghont
the structure one obtains:

%
x=E’[1”e ’3] 4.14)
in which case i = #7754 E denotes the drift length of holes.

4.1.4. Hubins' collectinn function:

Hubin [Hobin 1995] pointed out, that the collection function depends on the
recambination mode] used. He underlined particularly the fact that for the case as treated by
Crandall the collection in a solar cell is limited by the arithmetic sum of the drift lengths of
electrons and holes (and is hence limited by the longer of the two). He recalculated the
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collection of photogenerated carriers making the same assumptions as Crandall but using the
appropaate formula (eqn. 1.16) describing recombination on amphoteric dangling bonds (i.e.
defects that can exist in three charge states) as the ooes observed in a-Si:H. Tu ubtain an
analytical sofution of the transport equations be was forced to make the simplifying hypothesis
that the major pat of recombination occurs via peutral dangling bonds. This supposition was
justified by a comparison of the numerically calculated recombination cnnsidering variable
dangling boud charge te his analytical result.

Fuor the collection function be found an expression which unlike Crandalls’ was limited by
the shorter of the two drift lengths. The intuitive explanation to this observation is the
following: In the case of a two state recombination center carrier losses occur by sequential
trapping of twn charge carriers with oppnsiie sign. This leads to a recombination time
corresponding tv a 'series connection’ of the trapping times of individual carriers. In the case of
a neutral three state recombination center trapping of a charge leads practically immediately to
recombination as the cross section of capiare of charged traps is bigger than the one of neutrals.
As a result nne finds recombination times corresponding to ‘paralle] connection’ of the trapping
times.

If both carriers have the same drift lengths (as assumed thronghout this work) ooe
deduces from Hubins' model the following equation for the collection functinn:

e ‘L (4.15)

1+
I

where [ stands now for the drift fength of both carriers, IJ= p2toE = 0o .

4.1.5. Mertens' collection function:

Yet anuther calculation was used in recent work of Merteo [Merten 1998]. While he
makes the same assumptions un the underlying physics as Hubin he uses as a further
mathematical simplificaticn of the problem a two step calculation proposed already by Crandali
{[Crandall 19£3]). Thereby the coupled continuity equativns are solved separately (neglecting
the conpling recombination term) and the resulting carrier profiles are then used in the second
step to calculate the recombination. The result corresponds to a first order approximation of
Hubins' coliection function and reads for ([ 7.E = ) 7.E =1y as:

x=1-!£,, @.16)
£
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Fig. 4.1: Comparison of the calculated photocurrent collection function depending on the drift
length based on different models. Mertens' and Hubins' model are comparable for L/p® 1° 0.1,
Crandall predicts a considerably higher collection for all drift lengths whereas Rechs' model
prognosticates a collection value somewhere in berween. All models converge for the high

collection length limir.

4.1.6.

Comparisoo of the different coliection models:

None of the quoted models was originally formulated based on the po12-product whicb
can be measured in amorphouns silicon layers. In the following summary we will agssume
symmetry of the electronic transport (Ui E = u)toF =p*t°E, sec section 1.1.6) and
compare the collection models for an i-layer material with a certain u®t0-prodnct:

L
1) Crandall: x:%[l-e "].

2) Rech:
3) Hubin:
4) Merten:

L

with I =Tl E+ ) E=2-u°1°-E

x:%[]-e_&"], with if = gST*E = u®* . E

o]

with 7= uJ10E = p)1E = pu°t’ -

with [ =g E = )T E=p’7° - E
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Fig. 4.2: On the left graph ihe dots refer to the calculated photacurrent collection behavior according to
Hubins' model. The lines correspond to best fits according to Crandalls’ collection function. Strikingly good
agreement can be obtained as long as the collection length is not too small On the right the relation between the
(only} free parameter of each of the two models is shown.

Wheo plotted versus the drift length u®t” - E one finds that these differeot photocurent
collection models predict a rather different behavior of a solar cell incorporating a given i-layer
material (see fig. 4.1).

For each of the mentioned models the correctness of the assumptions made for the
analytical descriptions was verified by the 'quality of fits' to actual, measured data. It is
interesting to nnte nevertheless that e.g. Crandalls' and Hubins' madel - even though based on
different recombination processes and yielding different analytical expressinns - describe-quite
similar curve-shapes. This is clearly visible in fig. 4.2 where we superimpose the calculated
collection behavior based on Hubins' mode! with best fits according to Crandall.

One notes, hawever, that the only free fitting parameter, ux®, will be bigger by a factor
of approximately 4 wben Hubins' formula is used. One can, therefore, express the follawing
relationship!® between the uOc0-products when determined using the different formulas:

. uotDL’w+u°r°|ud+u°z‘olﬂm -1-_u°‘|:nlum—1+2+3.73+4 4.17)

18R emember that this relationship is hased on the hypothesis that the transport properties of clectrons and
holes are symmetric. Tﬁe quoted anthors might not agree with this statement. As pt-products of electrons and
holes can not be evatuated independently from the collection functions this direct comparison would not be
meaningful for unequal p®0-products of electrons and holes.
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In the previons section we presented different phatocurrent collection models allowing to
extract the i-layer material quality parameter w0z0 directly from cell measuremeats. It was
shown that, even though the value of the £%¢? product depends an the recombination moded,
one abtains the same qualitative bebavior for all medels. Although this behavier correspands
strikingly well to measured pbotocurrent collection data there is one common assumption
assumed for all presented models which is justified only for rather exceptional cases. This
highly questionable hypathesis is the ane of a constant electric ficld throngbont the i-layer
which may be satisfied anly for high quality material in the annealed state (i.e. for a-Si:H witha
very low defect density).

4.2.1, Deduction af the Analytical Expression

It will be shown in this section that the restrictions by the presumption of negligible
E-field variations can be released when the recombination function for amphoteric states is
used. For this case the analytical calculations can be formally extended to the case of a
non-uniforrn electric field [Shah 1996} .

Following the approach of [Hubin 1995] we assume negligible diffusion corrents and that
the recombination occurs mainly via neutral danmgling bonds. The current eguations
(eqns. 1.5 - 1.6) are expressed as:

jomeuted L) B (4.18)
—e- 't —!Q -E(x) (4.19)

which when using the assumption of symmetric drift lengths result in a total current
(which is constant over the whole i-layer) of:

"

jy =t yﬂrﬂ.("_fg) (x)) E(x)=e u"t®- R(x) E(x) (4.20)

Note that this equation expresses the fact that the recombination in a drift driven device is
inversely proportional to the magnitude of the electric field. Introducing for the purpose of
narmalization the average electric field £ according to egn. 4.7 ane abtains then by integration:

L 1% E
_=e fR(x) dx = f E(x) dx:uoro_f 7 J‘ dx 4.21)
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where ¢ denotes a "form factor” due to the deformation of the electric field. Note that this
form factor ¢ =1 for a constant electric ficld (as assumed in the previously described models)
while ¢ =1 for any arbitrary deformation of the field at a given voltage over the structure. This
indicates that any deviation of the electric field distribution from a constant value results in an
increase of the recombination losses.

The collection reads as:
oot 1 1

= - (4.22)

Joe T hee 14 "]L otp__ + L

wt-E L

00
with L,-Y1F (4.23)
’ @

We find formally the same collection function for an arbitrary field distribution as in the
case of a constant electric field but with an effective drift length e This effective drift length
corresponds to the previously defined drift length of free electrons and boles moving in a

material with nentral defects bnt whichb is reduced by the form factor ¢ of the field distortion.

Note in eqn. 4.23 that the experimentally measurable quantity [, consists of the
fraction of the drift length divided by the form factor ¢ . The effects on the collection of a short
drift length and of a strong field deformation can, therefore, not be distinguished.
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Fig. 4.3: Calculated deformation of the electric field (expressed by @ for solar cells with different
i-layer thicknesses as a Junction of the defect density. The open symbols indicate the corresponding
values of the collection x calculated at a bias voltage of zera volts.
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4.2.2. Numerical Estimatioo of the Value of the Form Factor ¢

In the foregoing section it was shown that, analytically, the influence of the deformation
of the electric field in a p-i-n solar cell can be expressed by a simple factar @ (see eqn. 4.21) by
which the p®t®-product is reduced when calculating the collection. In order to get an idea of
realistic values of this factor we performed computer simulations which resolve numerically the
basic semiconductor equations (eqn. 1.4 - eqn. 1.8) for the i-layer of an a-Si:H diode. The
program as well as the microscopic parameters used has been described elsewbere ([Fischer
1994]). The results are displayed in Fig. 4.3.

One notes that the field deformation factor ¢ has typically a value between 1 and 2. For
thick cells or for i-layers with very high defect densities ¢ may even grow to values above 3.
One nates, however, for such situations that the collection collapses in these cases dramatically
so that even under short circuit conditions one gets a collection lawer than 50 %. As a
conclusioo we retain that for realistic solar cells the field deformation factor has a value between
ls@ps2,

It was shown in the previous paragraph that the drift length of electrons and holes, [ _,,
influences directly the collection efficiency of a solar cell through a simple analytical relationship
(eqn. 4.22). The fact that the collection efficiency y can be written in form of ao expression
which does not contain the generation rate anymore implies that matetial related collection losses
are proportional to the total generated photocurrent. This particular feature is specific to the
transport limited collectioo losses and allows to discriminate between "material issues™ (i.e.
i-layer quality) and "tecbnology issues” (series resistance, shunts, optical losses} in the cell

total

recomb
-
diode
shunt
- —
o)
k=]
m[
(7]
(o]
<

photo

-0

Fig. 4.4: Equivalent circuit of an a-5i:H solar cell depicting in the dotted area on the left
an idealized cell consisting of a current source (total photogenerated current, independent of
the applied valtage V), a variable current sink (recombination term, depending on I, .
and V) and the diode term diod, (dark current). On the right hand side the parasitic losses
are ized in a shunt resistance Rp and a series resistance Rs.
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4. Theory of the photacurreot collection in p-i-n solar cells

optimizatioo. This hecomes apparent if we use the basic equivaleot circuit of an a-Si:H solar
cell!? according to fig. 4.4.

When using eqn. 4.22 to describe the difference betweeo the photogenerated current and
the recombination current (1, - x) the IV-curve of a solar cell with predominant drift driven
collection (according to the equivaleot circuit above (fig. 4.4) can be described as follows:

-IR,
V)=l 22_ . 1, ;ﬁ‘_l} +V—;ﬂ (4.24)
1 @ p

+
#nfo'(Vﬁ—[V-IR,])) Injection term (dark carre)  shaaw oaer
anm:rmubimm

The intervening terms have, thereby, varying importance depending on light intensity
(I 4, and hias voltage conditions. Since we are interested in the recomhination losses we will
define a measurement range for which the collection term dominates the IV-curve.

Coocerniog the bias voltage it is preferable to study the IV-curves aronnd a fixed value
(V =0 V) rather than fitting the measured collection efficiency curves over a large voltage
range. The reasoo for this is that at increasing forward voltages the assumptions made to deduce
the collection fuoction lose their validity (drift driven current decreases and the neglected effects
of diffusion start to hecome importaot) while at reverse voltages x contains less information
due to its saturation behavior. The absolute valne of the photocurreot collection evalvated at
V =0V contains essentially the information of the total generation rate (to which it is
proportional}. A term measurable in solar cells and which can be linked to the material quality is
the variation of the photocurrent with the hias voltage. This quantity is given by the "short
circnit resistance” which is defined as:

ol

4.25
Voo “.25)

R -

Concerning the intensity range for which this quantity can be related to xy one has to
calculate the derivative of eqn. 4.24 (a detailed calculation is presented in annex II). Therehy

19 All the authors quoted in section 2.3.1 treal the solar ¢ell in this same way. We will use the approach
given by Merten who seperated the photocurrent in a photogeneration part which is paralleled with a
recombination current sink. In Rechs' equivalent circuit this recombination current is implicitly contained in a
voltage dependent photocurrent. Crandall measures directly the photocurrent by chopped illumination (see e.g.
[Faughnan 1984}). Hubin also adresses directly the photocurrenl alone by restricting his treatment lo
measuremenl conditions for which the I'V-curve is dominated by the collection term (reverse bias).
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4. Theory of the photocurrent collection in p-i-n solar cells

ooe finds that the function Ry, = S o) Of a typical solar cell can be oaturally divided into
three regimes: a low, a moderate and a high light intensity regime. In the following these three
cases will be analyzed in detail.

4.3.1.

The low level intensity regime:

In this regime Ry, is determined by the terms of the injection current and the shunt
losses. Due to the low saturation curreot in the wide gap material a-Si:H the dark
diode term is, thereby, (at V = 0 V) naormally negligible with respect to the parallel
resistance losses. Derivation yields:

a1 & 1
g R,

P

q (4.26)
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Fig. 4.5; IV-curves (uA] of a typical a-SH solar cell (surface: 0.2 cm?) imeasured at low light intensities
02-2 chm'zj. The dotted lines correspond to tangents fitted at V = 0V with a slope of Rsc_l.

4.3.2,

The medlum Inteosity regime:

For medinm light intensities the short circuit resistance R, is limited by the
collection term and decreases proportionally to the inverse of the photocurrent:

-1 '] . sz . 1 427)
Ry ".piqu"ph-oyoro_VHz (1 g )1 (4.
+—
BTV

Thercfore the tangents to the IV-curves at V = 0 intersect the x-axis in a siogle
point V. ... which can be connected to the transport properties of the material (the
interpretation of this "collection voltage" will be given latter in this section). 1t is in
this illuminatinn regime that the i-layer material quality can be measured via an
IV-curve analysis,
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Fig. 4.6: V-curves [mA] of a wypical a-Si:H solar cell (surface: 0.2 cm?) mepsured at medium light
intensities (25 - 200 mWem'2),

4.3.3. The high intensity regime:
At high intensitics the influence of the series resistance starts to deform more and
more the IV-curves. Its main influence on the short circuit resistance Ry, is via the
voltage shift by AV = I- R, of the diode voltage with respect to the terminal voltage.
R is, therefore, reduced to an expression given in annex I1 which converges to
R; at very high intensities:
-1
A R LI 428
Re=\3v) R @28
100 100
80 80
_sol_IS L z 60
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Flg. 4.7: IV-curves {mA] of a typical a-Si:H solar cell (surface: 0.2 cm?) measured at high light intensities
(300 - 1000 mWem2),
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4. Theory of the photocurrent collection in p-i-o solar cells

4.3.4. The "collection voltage":

It has beea shown in the previons analysis that for a typical field drivea solar cell an
illnminatioo range exists for which the IV-curve is dominated by the collectioo fuoction of the
photocurrent. Under such illumination conditions the slope of the photocurrent at V=0V,
Ry, was shown to be proportioaal to total photogenerated current (and heace to the short
circnit curreat which is givea by JIg. = phoro XL- o). This proportiopality implies that the
tangents of the IV-curves intersect the x-axis at one siogle voltage - the collection voltage,
Vcoteenion - Which can be determined as:

d =1
Vestioenion = X| |v=o : [ﬁVBJ =lgc- Ry (4.29)
Replacing eqa. 4.22 in formula 4.29 yields:
'V, L
V e oction =vﬁ-(‘“ of B +1)=VH -[-‘I-‘_ﬂ-u) (4.30)

Measuring the collectioo voltage in a p-i-n solar cell provides, therefore, informatioo oo
the effective drift length of its i-layer material (under an applied potential of V,;).

Note that this concept of the collection voltage is more general than the particular case for
which its microscopic description has been explicitly calculated here (within the framework of
Hubins' model discussed earlier, in section 4.1.4). Actually the intersects of the tangeots to the
IV-curves at any fixed bms voltage should intersect the V-axis at a constant voltage while the
intensity is varied provided that the a : I
mneumzmmLummmmt_e_hg_Lma Note that this property holds for al
collection functions deduced by the different analytical models presented (in section 4.1.). It is,
however, in striking cootrast to the idealized crystalline silicon solar cell [Greea 1982]. Here,
the IV-curve has in its most basic analytical description a fixed shape which is simply shifted by
the value of the photocurrent. This results in a collection voltage which (over the range with
negligible series and parallel resistance) would iacrease proportionally to the short circnit
curreot.
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5. VIM!: MEASURING THE I-LAYER QUALITY
IN THE COMPLETED CELL?

In the previous chapter theoretical coasideratioas were presented which aim to relate an
experimentally accessihle, characteristic quantity of 4 p-i-a solar cell (i<. the collectioa voltage
Veoterion} 10 the transport properties of its bulk material. Thereby, some simplifying
assumptions had to be admitted in order to allow analytical calculations to be carried out. The
purpose of the investigations presented in the present chapter is to cross<check for the practical
applicahility of the theory developed above. In order to do s0, we describe, first of all, several
procedures that allow V. . 1o be determined. These methods are, then, used to scrutinize the
collection behavior of carefully selected p-1-a diodes of which the i-layer material was analyzed
apart (allowing for a direct comparison of the i-layer quality as measured in the cell with the
quality as measured 0o the isolated i-iayer) or which formed a consisteat thickness series
(which allows the relative collection hehavior to he studied as a functioa of the j-layer
thickness).

$.1. THE EXPERIMENTAL TECHNIQUES:

The theoretical considerations in chapter 4 revealed that the material quality of the i-layer,
4°1°, affects the IV-curve of a solar cell in a way which can be characterized by the collection
voltage Vi,ym.- This goantity comesponds geometrically to the intersectioa of the tangents of
the IV-curves {(measured under short circuit conditions at intermediate light inteasities) with the
voltage axis. It was shown that V.., is, therefore, identical to the coastant of proportionality
relating Ry, to I;.™' (eqa. 4.29). Experimentally the collection voltage is, thus, accessible in
differeat ways which will be described in this section.

5.1.1. DC-VIM?? method: The Merten approach:

The most direct way to determiae the collectioa voliage consists in measuring firsi the
IV-curves of a solar cell at various light intensities of uniformly absorbed,:i.¢. red, light (in

207%e term "VIM" stands for "veriable illumination measurement”. It has been intreduced by Merten
[Merten 1998] who used this approach to directly determine an "effective [tt-product” using his collection
function.
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Fig. 5.1: Measurement of Re. by linear fits to IV curves at V = 0 V {left graph). The right piot shows Ry
plotted against Isc-] Jor an a-Si:H solar cell (i-layer thickness: 0.3 tm, surface: 0.2 em?). The left dotred bar
indicates the high intensity region where the IV-curve is R limited. The right dotted line delimits the low
intensity regims in which the IV-curves are R limited. In between the IV.curve is limited by the transport. A
linear fit in this region yields Ve g = 15 V.

order to be able to establish a direct link with the theory of the photocurrent collection which
was deduced for a constant generation rate thronghont the i-layer). For each individual curve
Ry can then be determined by performing a linear fit to the TV-data measured within a voltage
range close to V = 0 V. This procedure has to be done for several light intensities to determinie
the illumination range for which the cell behavior is collection limited. The information that fora
given intensity range the solar cell is indeed collection limited js provided by the observation
that for this regime R, o< Iw,,". This relation extends for a typical a-5i:H solar cell for
photocurrents varying over several orders of magnitude.

Note that the p®1o-product comresponding to the 0.3 pm thick p-i-n cell of Fig. 5.1 with
the collection voltage of 15 V amounts to abont 1-10-8 em2V-1 (see eqn. 4.30, assuming that
V,; =11V and @ =1} Sncha low value of the ot0-product is, however, rather exceptional
for device quality a-Si:H (see Fig. 3.3). Typical, device quality material was measured to have
a 421%-product of up to a factor 10 higher after degradation. Provided that the VIM-method
does, indeed, measure the pOt0-product of the bulk material of solar cell we expect the
necessity to dispose of 8 method which is able to measure accurately much higher collection
voltages.

It is obvious that the method presented above is not appropriate to tackle this task if one
aims to characterize cells incorporating a very good i-layer (having a big Vpem,). With
standard TV-curve measurement equipment tiny current variations around V =0 'V can not be
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5. VIM: Measuring the i-layer quality in the completed cell?

resolved. Or they may be covered by the noise (as indicated in fig. 5.2)2¢. Therefore we
developed the AC-VIM method which will be introduced in the following section. This new
method can yield the desired information with an enhanced precision required under such
circumstances.

6 T T
4l 4
5 83, T
Tz “[ e+, ]
E | oz [ e
—o£ |
2k 52 1 \
-0.1 0 0.1
Vv
-4 1 I i
-1 -0.5 0 05 1

VIV
Fig. 5.2: IV-curve of an a-5i:H cell with a good sawration behavior (Voo im =49 V). For
such good cells R and hence the collection voltage can not be accurately determined using the
DC-VIM approach

5.1.2. AC-VIM method:

The precision of the determination of Ry = £(I,,,,™) can be increased by performing a
direct measurement of the short circuit resistance using the AC-VIM method (see fig. 5.3).

Thereby the device under test is DC biased at zerc volts and a small AC signal is
superimposed. As the applied voltage signal and the corresponding AC-current can both be
measured directly this method atlows a direct (and precise) detzrmination of the short circnit
resistance R;.. Several practical considerations have to be taken into account nevertheless when
applying this method;

On one band the measurement resistor R, has to be selected high enough to get a
sufficiently high current voltage conversion ratio. On the other hand one has-to apply an
external voltage of V,_, = I,.- R__ 1o get a bias potential of zere volts over the solar cell. Iy,
fluctuations will be amplified 1o bias voltage variations of AV = Al,.- R on the device under

21For a detailed analysis of the error estimation refer to annex IIL
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Fig. 5.3: In the AC.VIM measurement sei-up an AC signal (Vpp = 30 mV) is applied to the cell
under zero volts bias. This bias voltage is verified using the DC voltmeter. An Ampare meter con be
optionally connected for an Ig measurement. The voltage variatian AV can be measured on the
Lock-in by measuring the difference of the signals A-B. The corresponding current variations are
accurately measured via the voltage drop on Ryeqs which is connected to channel B,

test. To keep this error small R, bas to be selected in suck a way that the working point of the
solar ¢ell remains voltage-controlled. In practice it has to be adapted to the bias light conditions.

The signal measured on R, which is used to measure the AC-current through the solar
cell is very small (especially for good cells). On the lock-in this signal has to be measured in the
direct mode rather than io the differential mode (i.e. in figure 5.3 the device voder test and the
measurement resistor R can not be interchanged). In fact, the AC-voltage measuredon R,
is typically several orders of megnitude smaller than the AC-voltage over the solar cell. For
measuremeots io the differeotial mode the common mode rejection ratio of typical lock-in
amplifiers (e.g. CMRR = 100 dB for the mode] “SR530" by Stanford Research systems) is
oot enough for all situations.

An additional problem arises throngh the juncticn capacitance of the sclar cell to be
measured. For altemative currents this capacitance presents an impedance which is short
circuiting the solar cell under test. The junction capacitance of typical devices is rather high, For
a-SizH it can be estimated by the following formula:

csbji (5.1)

With £, =125, =107 AsV"'em™ one fiods for a 300 om thick cell a sample
capacitance of C = 30 nFem-2 (In the case of pc-Si:H solar cells the effective sample
capacitance is typically bigger than this calculated valne of the geometrical capacitance [Beck
1997].). As a result ooe measures with the AC-VIM method an apparent short circnit resistance
R, which comesponds to the paralle} connection of the actual valoe R, with the junction
capacitance (see fig. 5.4):

1

‘=R, 5.2
Roe = Rec ;Z|+(2n:v)ia,gc’ 6.2)
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Fig. 5.4: Influence of the measurement frequency on the apparent short circuit resistance Rsc‘. The low
intensity limitation occurs through the junction capacitance raiher than through the shiunis of the cell under test
(p-i-n, a-Si:H), 0.3 um, 0.2 cm?). The groph on the right is obwined by plotting the low intensity limit of
Rsc' versus the measurement frequency. The dotted line corresponds to a best fit 1o eqn. 5.2 with
Ry, = 1+10° 2 and C=§nF.

" Ta get an accurate detetmination of the collection voltage the excitation frequency has to
be chosen small (e.g. v = 10 Hz).

As a cooclusion we claim that as long as the cited precautions are taken into account the
AC-VIM method is capahle of measuring higher collection voltage values (of “good” solar celis)
with a higher precision than the DC-VIM method; a statement which can be readily understood
when calculating an error estimation (see annex IH). A disadvantage of this method with
respect to the original approach is the fact that it reveals exclusively the dependency of Rgc as a
fuoction of the light intensity (knowledge of extended IV-curves at different light intensities
sometimes turns ont to be useful for the analysis of problems such as the creation of shuats
during the measurement etc.). Another limitation comes hy the influence of the junction capacity
which restrains 2 precise measurement of the parallel resistance of a cell to a certain maximum
value (inversely proportiooal to the measurement frequency).

5.1.3. VIM oo strongly shunted cells - the SR-VIM method:

The short circuit resistance of & typical solar cell is normally limited by the collection term
of the equivalent model over several orders of magnitude of light intensity. In had cases,
however, shunts may limit the cell up to intensities at which the seties resistance starts to affect
the IV-curve. In such situations no lincar region can be found in the R, = f (Ip,m") plot (see
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Fig. 5.5; [V-curves of o shunted a-5i:H cell, The cell is the same as in fig. 5.1 {open circles} but purposely
short circuited with e ! k€2 resistor leading 1o an apparently bad collection (filled symbols). In the
Re=fU M") plot there is no linear region and the collection voltage can, thus, not be determined.

fig. 5.5). The collection voltage can, thns, not be determined using the described approéches.
A minimum value of V,,, can sometimes be estimated nevertheless nsing SR measurements at
variable bias voltage arcund zero volts.

The principle of this measurement is based oo the fact tbat the SR allows a direct
measuremeot of the photocurreat. One notes in eqn. 4.24 that the injection current {(dark diode)
or the shunt losses do oot contribute to the signal obtained by a modulation of the photocurrent.
Their magnitude depends on the applied bias voltage aloee (provided that RS can be neglected).
This is normally the case because of the low intensity of the probe beam in SR measurements
{the probe beam induced pbotocurrent is for red light typically abont 10-5 A). Ideally it is,
therefore, possible to measure the collection gradient around zero volts in spite of the presence
of shonts, As this method consists in an evaluation of the variation of the collection function
around zero volts the same considerations coocemning measurement accuracy apply as presented
for the DC-VIM method (see annex I). Since the precision of the SR measurement is lower
than the one of the current measurement the use of this technique is limited to cells with
relatively low collection voltages (i.e. a-Si:H cells in the degraded state).

As an example this method has been applied to the bypassed solar cell of fig. 5.5. The
red light SR measorements were performed at -0.1 V and +0.1 V. Thereby the collection
variation associated with this bias voltage change was sufficiently large to be resolved with our
SR set-np. It allowed a collection voltage of V, =16 V£10% to be determined (fig. 5.6)
which is in accordance with the valve determined by the standard VIM technique (fig. 5.1).
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Fig. 5.6: The two graphs on the left show red light spectral respoase measurements of the cell of fig. 5.5
with (center) or without {left) external shunt resistor (1k£2). Obviously the SR measurement is not affected by
such a parallel resistance, On the right these SR data are plotted against the bias voltage. This representarion
atlows a collection voltage of V_p =16 V 210 % 10 be evaluated.

3.2, MEASUREMENTS

In the previous sectioo we presented several experimeotal techniques which allow the
collection voltage V. 0n 10 be measured ou p-i-n diodes. In chapter 4 it was shown bow this
quantity can be related, theoretically, to the poro-product of the i-layer incorporated in this cell.
The key equation is thereby equ. 4.30 indicating the following relatica:

2
,u°1‘°=£ Vesewion 1 (5.3)
Vul Wy

Tt will be the purpose of the present section to investigate to which extent the VIM-method
for the determinatioa of i-layer uoto-products leads experimeatally to consistent results. For the
measurements presected we nsed systematically the DC-VIM approach (which has the
advantage of revealiog the whole IV-curves rather than just R,.-values at different light
intensities, whicb allows to "follow" the cells during the measurements) unless stated
otherwise. The AC-VIM approach was used to increase the measurement precision in the case
of cell presenting a high collection voltage. The light used to perform the VIM-analysis was
(uniess mentioned) the focused beam of a 250 W halogen lamp filtered hy a RG63Q edge filter
("high pass" with a cut-off wavelength of lm_d, =630 nm) in order to obtain a reasonably
uniform generation rate in the cells combined with a heat-absorbing filter (KG1} to avoid an
excessive rise of the cell temperature during the measurement.
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For the pumerical calculation of the pOt0-values we will assume for all a-Si:H cell a
built-io potential of V,, =11V. The deformation of the electric field will not be taken into
account (@ =1).

The j-layer material quality related collection voltage V..., of £qn. 5.3 was defined as
being the vnitage at which the tangents to the IV-curves measured at different iotensities
intersect the V-axes. Such a unique intersection voltage exists accordiog to the theory provided
that the IV-curves are purely collection-limited (i.e. provided that the influeoces of series
resistance and shunats can be neglected at the selected intensity range) and under the coodition
that the collection function j s independent of the light intensity (see section 4.3.4.). In the
original work of [Merten 1998] the intensity range over which this relation holds was
determined in the doubly logarithmic pint of Rsc vs. Isc s the region for which In{Ry.) varies
linearly with I.n(II). Such a representation is somewhat misleading since the lngarithmic
function "compresses” graphically the deviations from the ideal behavior. Moreover a linear fit
over several orders of magnitude of data distributed uniformly in a douhly logarithmic plot
strongly emphasizes the hig values and does, hence, ot constitute a cotrect average value.

Therefore, we prefer to represent on a linear scale directly the intersections of the tangents
to the TV-curves with the V-axis as function of the logarithm of I;}. The requirement of this
intersection voltage to he constant over a certain light intensity range has tn be regarded as a
more severe criterion allowing to verify more critically the actual behavior of the measured cells.
Ia Fig. 5.7 a set of data is represented for comparison in both manners. Qoe ootes that the
intensity range over which the actually measured data seem tn deviate from the ideal curve is
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Fig. 5.7: The VIM-technique applied to an a-Si:H cell of 0.4 um thickness. The two plots are different
representations of the identical data. The gray area indicates the range over which the model can be considered to
fit the experimental poines well. The crosses mark the retained data for the determination of the collection
voltage.
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smaller in the first plot. When perfarming a linear fit through the data retained by only the data
in the gray area ooe obtains as a result a value of the collection voltage which is giveo
exclusively by ane dominant point. In the secood rcprcsentation ooe observes that this point
actually does not belong to the actual plateau region of the collection voltage and it rejected. This
second, more objective representation will, thus , be selected to depict all V...,
measurements shown in this chapter.

5.2.1. dilution series

First of all, a nnmber of cells were measured of which the i-layer material bad beco
already extensively characterized in previous studies. Far this purpose the layers and cells
presented earlier in this work (chapter 3) were perfectly suited. Here we preseot Vi, ..
measnrements as evaluated on the cells of the dilution series (see Fig. 5.8). The average
po10-products as measured jo the corresponding layers are repeated in table 5.1.

WetP-product dilution 0 dilutioo 2 dilution 9
initial state 4.6-10-7 7.0-107 2.3.10:7
degraded state 5.4-10-8 1.2-10-7 1.0-10-7

Table 5.1: Average values of the p21%-producis [ em2V-1] as measured on a-Si:H
Silms deposited at low temperature (195 °C) using various hydrogen dilution ratios in
the initial state as weil as afier accelerared degrudasion.

Comparisoo of the cell and Jayer analysis shows that in the initial as well as in the
degraded state the same tendencies are observed: The uO10-product in the initial state is highest
for the material deposited using a dilution of 2. It is by about a factor two lower for the high
bydrogen dilution and it is abont 30 % lower in the case of undiluted film growth. Similarly we
observe on films and cells that the undiluted material sbows the strongest degradation.

It is striking that the p@1%-products as measured in the cells are by a factor 20 (in the
initial state) and by a factor 10 (io the degraded state) lower than the ones measured in films.
Such a huge deviation can not be attributed to the deformation of the electric field giveo by ¢
(which was assnmed to be 1 for the calculatioo of the HOtO-products using VIM]} as can be seeo
from the numerical simulations of typical values (see section 4.2.2), An additional argnment
forcing us to reject the explanation of the field distortioo being responsible for the big difference
of po10-products measured in film with respect to the ones measured in the cells is that @ tends
to iocrease with the density of defects in the material and is, bence, expected to increase duriog
degradation. The fact that we observe a smaller relative degradation of (L°7°-products measured
by VIM in cells than directly in layers is in contradictioa to this.
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Fig. 5.8: Collection voltages of a-5i:H cells deposited at low temperature (195 °C) using different hydrogen
dilutions. The i-layer of these cells has a thickness of 450 nm. Compare also with Fig. 3.7.

As will be seen throughout all the VIM-measurements preseoted in this work the
observation that p01%-products measured in cells are by about a factor 10 lower than the ones
measured in films seems to be of general nature. Up to now we can ooly speculate on the
reason of this difference. One possible explanation counld be connected with defective zones
close to the interfaces. They would have an effect oo the collection function similar to the one
observed in our actual measurements. Such defective zooes which might considerably enhance
the recombioation ia cells would io priociple oot be seeo to the same extent?2 in coplanar
transport studies as the ones preseoted in chapter 1. The existence of such defective zones has
been postulated to explain PDS measurements carried out on thickness series of a-Si:H films on
certain types of substrates. Filin measurements have indicated that a defective zone extends
from the ioterface betweeo the substrate and the layer in which the defect deosity decreases
gmdually over a thickness of about 0.8 pm {Favre 1993]. Such defective material in the
interface material could also be imagined to have a less pronounced relative degradaticn than the
bulk material. This would explain the observed less important relative degradation of the
HOtC-products measured in cells with respect to the oues of the comresponding layers.

225 messurement of the photaconductivity and the ambipolar diffusion Jengih in a inhomogeneous film
can be thought to characterize the best part of the film. In contrast to this the electronic transport in & solar cell

traverses necessarily also the defective interface layers in which the recombination may be important.
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On the other hand we recall that different physical models (which all lead to an expression
of a collection fanction which is indepeadent of the light intensity - a statement which directly
implies the existence of a constant collectioa voltage over a certain range of light intensities)
deduced for a given set of data u®1%-products differing by a factor 4. This observation
encouraged us to check experimeatally whether the VIM-method interpreted in terms of the
collection valtage indicates at least correct refative tendencies even thnugh it leads to too low
numerical values of ut®-products.

5.2.2. standard deposition vs. low-temperature bydrogen dilution:

In contrast to the relatively thick cells from the dilution series we measured the
considerahly thinner cells used as top cells for tandem structures (see section 3.1.2.3). The
layer results are summarized in table 5.2. The VIM-results are shown in Fig. 5.9.

UOT%-product low Temperature | standard temperature
(195 °C), Ha-diluted | (235 °C), undiluted
initial state 7.0-10°7 5.5-10°7
degraded state 1.2-107 6.5-108

Table 5.2: Average values of the p®1°-products as measured on a-3i:H films
deposited ar low temperature (195 °C} using hydrogen dilution ratios compared to
standard material (undiluted, deposited at 235 °C) in the initial state as well as after
accelerared degradation.

Even more pronounced than in the case of the 450 nm cells shown above we note on one
hand an enormens difference in the pt°-values measured in cells and in layers. Oa the other
hand we observe, as previously, 8 much smaller relative degradation of the p2t0-preducts
measured directly in the cells, While the p2t9-product of the Iow temperature, hydrogen diluted
material measured in the film degrades by a relative factor of about 6 this ratio is much smaller
when measured by VIM direcly in the cell. It amounts to only about 1.3 for the 200 nm cell
and to abount 1.4 for the 250 nm cell. Similarly, one notes in the case of the standard material a
relative degradation of about a factar 8 while the p9t®-product of the same material, when
measured in a cell, degrades nuly by abount a factor 1.6 (in the case of the thinner, 220 nm cell)
and hy ahout 1.9 (in the case of the 290 nm cell). Again this observation would be favoring our
speculation from above that defective interfaces bave a big importance on the collection
function: the influence of such interfaces wauld indeed become more important as the cell
thickness shrinks resulting in a less pronounced relative degradation of the bulk material.

Another argument in favor of this hypothesis is supplied by the observation that the
pCt0-products as determined by VIM on cells incorporating identical i-layer material of various
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Fig. 5.9: Collection voltage measuremenis carried out on a-8i:H p-i-n solar cells in the annealed (filled
symbols) and in the degruded stave (open symbols). The cells on the left were deposired ar 195 °C using hydrogen
dilution. The cells on the right were deposited at 235 °C without hydrogen dilution. These cells originate from
series presented earlier in Fig. 3.8,

thicknesses differ only by about 20 % in the degraded state while this difference is more
important in the initial case (about 40 %).

5.2.3. high substrate temperature serles:

It has been noted above that when comparing by the VIM-technique a-Si:H p-i-n cells
incorponating the same i-layer material but with different thicknesses the uOt@-products are (in
the degraded state) comparable within about 20 %. As a cell series for which the i-layer
thickness variation covered a larger domain we selected the high snbstrate temperature series
from section 3.1.2.3. Again, comparison of the p%t9-products measured in the film (initial
state: 3.9-10-7 cm?V-1, degraded state: 7.8-10-8 em2?V-1, see Fig. 3.6) to the ones measured
directly in the cell shows that the VIM-method indicates substantially lower values of uot©
(Fig. 5.10).

Conceming the behavior of the collection voltage as a function of the cell thickness it is,
however, interesting that, here again, similar p@1%-products (within 20 %) are measnred for
200 nm, 300 nm and 350 nm cells in the degraded state. In the initial state the variation of
1Ot@-products as a function of the i-layer thickness is more important (ca. 60 %). This
affirmation was checked on a thickness series covering an even larger range of i-layer widths
shown in the following subsection:
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Fig. 5.10: VIM-measurements carried out on a thickness series of a-Si:H p-b-i-n diodes deposited at the kigh
substrate temperature of 280 °C. The left plot indicates measurements carried out in the annealed state. On the
right the cells are shown after degradation. These ceils are the same as the ones presented in Fig. 3.8.

5.2.4. Thickness series of cells and layers

In order to compare the relative values of the p©t0-products measured in fayers and cells
with varying thickness we deposited four cells with i-layers (with a hydrogeo dilution of 2, ata
temperature of 195 °C) measuring 300 nm, 600 nm, 1 pm and 2 pm. As these four cells
were otherwise identical we expected to observe the effect of the i-layer thickness variation to be
ootable primarily on the short circuit current of the cells. As can be seen in able 5.3 which
summarizes the different characteristics of these four cells the Voc and, even more
dramatically, also the FF are affected as well especially at i-layer thicknesses 2 1 ptm. The
short circnit current, on the other band, exhibits a continnous increase only for the thicknesses
np to 1 pm. In the case of the 2 um cell the low electric field leads to a decrease of collection
(as indicated by the low FF) resniting in an even lower sbort circnit current of this cell io spite
of its higher absorption.

cell thickness FF Vac Isc SRy, 730 nm
300 nm 0.732 0.867 V 15.82 mAcm-2 0.17
600 nm 0.738 0862V 16.81 mAcm-2 0.29
1000 nm 0.700 0.858 V 17.6] mAcm'2 0.38
2000 om 0.65 0842V 16.65 mAcm2 0.50

Table 5.3 Solar cell performances (fill facior, open circuit voltage, short circuit current and spectral
response evaluated ar 730 nm for reverse bias) of four a-5i:H p-i-n diodes (which differ exclusively in rhe
thickness of the i-layer material) in the initial state.

-83-



5. VIM: Measuring the i-layer quality in the completed cell?

1 : ; =
2
(o]
o 08 = 8
[72]) ge
g os \ N E
o f 1 6
E o4 ——03um (4V) | \§5
B ——06um(-7V)
& ooldid 10wy |\
......... 2.0 um (10 V) 3
| 1 ’

i

400 500 600 700 800
lambda [nm]

Fig. 5.11: Spectral response curves of a-Si:H solar cells with different i-layer thicknesses. All
measurements were carried our az reverse bias conditions in order 1o approach complete collection.
Note that for thin cells a saturation can relatively easily been obtained while the reverse bias would
still have o be increased in the case of the 2 um cell ro extract all photogenerated charge carriers.
Here the bias voltage was limited by the measurement equipment.

That the i-layer absorption is, as expected, increasing monotonously with the i-layer
thickness in this series is demonstrated by the saturated spectral response measurements as
shown in Fig. 5.11. Indeed, one observes at high negative bias voltages an increasing infra red
spectral response which scales to some extent with the i-layer thickness.

The VIM-resnlts evainated on these cells in their annealed state are presented in
Fig. 5.12. One notes that V., ., does pot remain constant over a certain platean at high
intensities in the case of the thicker cells. Actally V,
intensities. In a first attempt this observation was thought to be due to the inhomogeneous
generation of the charge carriers within the i-layers of the thick cells since light of a halogen
lamp filtered by a RG630 edge filter was used. Therefore, the measurements were carried out
again, however, nsing a better snited optical filter in order to obtain a more uniform charge
carrier generation throughout the i-layer. In the case of the 1 pm cell an a-Si:H layer was used
which reduced the short cirenit current to 10 % of the value obtained with the RG630 filter. For
the 2 pm cell a combination of a-Si‘H layers was used to filter the halogen lamp reducing the
Isc to about 1 %. Comparable curves were, however, obtained for the variation of Vi

shows a maximum at low light

fettion

over the overlapping range of intensities. This suggests that the collection function of cells of
which the i-Iayer exceeds a certain thickness behaves differently with respect to what can be
observed in thin cells. Due to the low electric field conditions space charge effects may have a
big importance leading to a field deformation factor @ that increases with the totally generated
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Fig. 5.12: Collection voltages as measured on a-5i:H p-i-n diodes with different i-layer thicknesses in the
annealed state. Different symbols indicate measurements made on different cells. The crosses indicate
measurements wkich were carried out using a-5i:H as optical filter (see text).

charge carrier densities. While this is only a speculation to explain the ohserved behavior of the
collection voltage as a function of the light intensity it is obvious to me that for snch thick cells
the VIM-method can, apparently not be applied as a reliable method to determine the i-layer bulk

properties.
Comparing the 0.3 wm cell and the two times thicker cell one notes that both have a

similar collection voltage. This is in striking contrast to the theory which predicts & variation of
the collection voltage approximately proportionally t0 V... = If* (Eqn. 4.30). According
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Fig. 5.13: u21°-products of a-Si-H films in the initia! state and after accelerated degradation.
The films carrespond to the i-layers of the cells of Fig. 5.12.
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to this equation the collection voltage of the thin cell should be abont a factor 4 higher than the
one of the two times thicker cell. On the other hand, it conld alsc be possible that the thinner
i-layer has, indeed, a lower average H%t9-product (by about a factor 4) due to the bigger relative
impontance of a hypothetical interface layer of very low gnality.

In order to cross-check whether this small collection voltage of the 0.3 pm cell can be
attributed to such a defective interface layer this cell series was compared to a thickness series of
films consisting of the same i-layers deposited on glass.

These layers were characterized in the way presented in chapter 1. The measurements are
sumsnarized in Fig. 5.13. It is interesting that in the initial state and although in a less
prononnced manner we do, indeed, ohserve an increase of the average coplanar transport
quality as measured hy POt® with an increase of the i-layer thickness. This enhancement is,
however, not sufficient o explain the collection voltages which were measured in the cells. A
difference hy a factor four would be expected between the p®t° products of the two thinnest
layers to account for an identical collection voltage. The results presented here suggest that, at
least in the injtial state, the VIM-method does not indicate hulk properties of the a-Si:H cells.

Fig. 5.14 indicates the measurements of the collection voltages measured on this same
thickness series of solar cells after extended degradation (1000 h, AM1.5, according to section
2.3). The collection voltage of the 600 nm cell (5.5 V, correspending to a pO19-prodnct of
1.3-10-8 em2V-1} is now considerably lower than the one of 300 nm cell (145V,
corresponding to a pOtO-product of 1.0-108 em2V-!), This factor of 1.3 between these two
pOtO-products measured after degradation in the cells of moderate thickness is similar to what
has been evalnated on the i-layers alone. Regarding the thicker cells, we cbserve also in the

d, =300 nm d=600nm  d=1000nm  d =2000nm
20
B2
s || T3
g 10 %
> II__ 0% oob o
C% Op,
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Fig. 5.14: Callection valtages as measured on a-Si:H .p-i-n diodes with different i-layer thicknesses in the
degruded state.
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degraded state a collection behavior which can apparently not be reconciled with the model
developed in chapter 4: Although in the degraded state the collection voltage is now even for
the thick cells almost constant over a relatively large intensity range it is intriguing that both cells
have approximately the same collection voltage (of about 4 V, leading to a p®1%-product of
2.4-108 em2V-1 in the case of the 1 pm cell and to about 9.6-10-8 cm?V-1 in (ke case of the
2 pm cell.}. Again, we think that this could be dne to the extreme thickness of the cells.

5.2.5. Second thickness series

Two observations made on the thickness series presented above indicated that the concept
of the collection voltage can apparently not be related to the hulk quality of thick ceils: in the
initial state the collection voltage is not constant over certain intensity range hut it shows a
maxirnum at relatively low light levels. In the degraded state it is identical fora 1 pm and fora
2 um cell.

A second thickness series celis (deposited at the KFA, Jiilich) was thns analyzed to study
more carefully the thickness range of #hin cells (up 1 pun). The cells were in principie ideotical
except their i-layer, which varied in thickness. Table 5.4 summarizes the cell performances
measured on these cells after annealing. The 480 nm thick solar cell bas clearly a lower Vo
compared to the rest of the series. On the other hand its short circuit curreot is higher than the
one of the 720 nm cell. A closer 1ook at the depositioo cooditions revealed that the i-layer of
this cell was the only ooe to be deposited nsing a gas heater. We think that this could be
responsible for a slightly higher gap of this i-layer.

ceil thickness FF Voo Isc SRlpv, 730 om
240 am 0.73 0.825 12.199 0.096
360om 0.73 0.844 13.061 0.122
480 nm 0.72 0.806 14.256 0.202
720 nm 0.71 0.841 14.054 0.238
1080 nm 0.69 0.826 14.579 0.285

Table 5.4: Solar cell performances of a-5i:H p-i-n diodes with different i-layer thicknesses after annealing.

In spite of this difference in the i-layer of the 480 nm cell the VIM-metkod was applied to
the whole series of cells, The collection voltages measured on the different cells in their
annealed state are shown in Fig. 5.15.

Again the measurements are in strong contrast to the expected behavior of the collection
voltage with the cell thickness which, according to eqo. 4.30, is expected to vary like
Voteciion ° L - Again this result suggests that in the initial state the collection voltage does not

-87-



5. VIM: Measuring the i-layer quality in the completed cell?

T

n
o
<@ i
Y P YUV P

SRR REREEES il n

PWEY FRETE FEW

o
T TITY

0-.....-::.-,._|_|:|_'z'

200 400 600 800 1000 1200
I-layer thickness [nm]

()

Fig. 5.15: Collection voltages measured on a-Si:H solar cells with varying i-layer thickness
after annealing. Three different cells were measured for each i-layer thickness.

reflect i-layer bulk properties. The observation, that the coliection voltage is approximately
constant with the i-layer thickness and that it corresponds to much lower p91°-prodacts than the
ones which are typically measured in intrinsic films indicates that additional recombination does
take place whicb reduces the photocurrent collection. We think that defective zones within the
i-layer adjacent to the p-i and to the n-i interfaces could be screening the actual bulk
recombination at the bias voltage ¥V =0V (at which the collection voltage is measured)
especially in the initial state. After degradation one could then imagine that in the case of thick
enough cells the reduced quality of the bulk dominates again the total recombination.

Fig. 5.16 sbows . VIM-results measnred on the cells of the thickness series after
degradation. It is interesting 1o note that now, in the degraded state, the collection voltage
depends on the i-layer thickness to a certain extent as expected by egn. 4.30. Indeed the
evalnated collection voltages correspond in the case of three cells (360 nm, 480 nm and
720 nm) to quite similar PO10-products. This could be an indication that in these situations the
recombination is dominated by the bulk properties. As to the 240 nm cell its collection voltage
{which does not clearly extend over a definite intensity range) would correspond to a
wOtO-product of 0.8-10-% cm2V-1 which is considerably lower with respect to the valnes
measured in the thicker cells. One could speculate that in the case of this thin cell the interface
recombination could stili have a dominant importance even after degradation. The 1080 nm
cell, on the other hand, has a collection voltage after degradation which is approximately
identical to the one measured the 720 nm cell. Additionally the intensity dependency of
V cotteerina ©F this cell reflects an atypical behavior (with a maximum at relatively low intensities).
This is again an indication that for this thick cell the collection could enter a different regime and

-88-



5. VIM: Measuring the i-layer quality in the completed cell?

C [\ 0" el v 240 nm |
[ Vo + 360nm |]
15 1.5 “AEEYT ¢+ 480nm [
E Vi s T720rmm ]
: A o 1080 nm |4
gm % ;
IR EEEE LI R . i v ]
> L . ]
[ 0i0.0 *ls 1
S hsgrpmaa ey S wy ]
B = [ " a 4
3 ] 1
ol v v el
10’ 102 10° 10* 10° 10°
-1 -1
I 1A

Fig. 5.16: VIM-results obtained on the second thickness series of a-Si:H solar cells after
degradation. The solid symbols correspond 10 the cells for whick the pPv@-product is indicated. For
explanations refer to the text. .

that the collection voltage is not an appropriate quantity 10 characterize the bulk properties of its
i-layer.

5.2.6. Concluding remarks

Within the framework of this work a large number of a-Si:H solar cells has been
evaluated using the VIM-technique. A part of these cells {of which the i-layer material had been
measured apart or which formed a consistent thickness series) were presented in this cbapter.
The highest collection voltages measured amounted to less than 40 V (The limit of the AC-VIM
set-up is considerably higher as was shown in anpex III. This could also be verified
experimentally on crystalline diodes on which collection voltages exceeding 100 V were
measured.). V., Was generally observed to increase monctonously with the short circuit
current before stabilizing at a constant value at high intensities over a plateau of one to two
orders of magnitude. A reduction of V., due 1o the series resistance at high intensities was
observed exclusively on larger (> (.25 cm?) cells of the reversed n-i-p structure which were
contacted by ITO.

The ¢ell measurements presented in section 5.2 lead to the following observations:

1)  The pOtO-products measured directly in cells are considerably lower than the ones
measured in corresponding i-layers. In the degraded state the difference amounts to
about a factor 10, In the initial state it is generally even more dramatic and values of
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1C10 up to a factor 100 higher (e.g. high temperature series) were sometimes
measured in the films with respect to the cells.

2)  The relative degradation of the p®t@-products measured in the cell (by VIM) was
often lower than the relative degradation observed in the correspoading layer. The
relative degradation was particulasly low in thin cells for which the absolute value of
KO1O, also, was low. :

3) Fer thick cells (thickness2) pm) V..., followed a different inteosity
dependency than for thinner cells. Rather than remaining constant over a certain
range this quantity reached, here, a maximum at relatively low intensities.

4)  Solar cells differing exclusively by the thickness of their respective i-layers
displayed io the degraded state generally the expected V... vs. thickness
behavior. In the initial state this relation was sometimes respected (e.g. section
5.2.2. or in section 5.2.3.). In other situations V., was merely independeat of
the cell thickness {(e.g. section 5.2.4. and section 5.2.3).

These observations lead us to the affirmation that the VIM-concept as it has been
presented and deepened io chapter 4 and cbapter 5 of the present work can not be used under
all circumstances to gain the desired feedback in the process of cell optimization as explained
eartier. We have not fonnd convincing evideace that the newly introduced quantity Vip.pn
can, in any case, really be connected to the bulk properties of an i-layer incorperated into an
a-Si:H p-i-n diede.

.

It scems, nevertheless, that in some particular situations Vi, .. is related, at least
qualitatively to the i-layer of a-Si:H solar cells. The systematic way in which the measurements
deviate from the expected behavior {deviations are proncunced more strongly in the initial state
and for thin cells} indicate that additional recombination in defective regicns close to the
interfaces conld be responsible for this. We think that a complementary measurement technique
sensitive for ioterface recombination could - when used io combination with VIM - allow to
distinguish between interface and bulk effects.
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ANNEX I

V

Error estimation 1o the pu°t° evaluation

In this paragraph we estimate the experimental error committed in the determinatioc of the
1oto-product according to the procedurs described in section 1.1.6. This parameter is
calculated according to eqn. (Al).

ute =Eﬂl (A
eG 2z

with the correction factor z being determined from:

=%=[ﬁ-i+l+£b] | (A2)

r

where the value of b required for this comection factor is accessible through a
measurement of the photoconductivity and of the ambipolar diffusion leogth:

b LG
= —mb” 2 A3
&+ 1)E kTe,,,.C A3
In the following we will for the sake of clarity consider two situations:

[ Ltruly inirinsi als:

These considerations apply to material with very low cootamination or layers which bave
been extensively light soaked and for which the Fermi level has a midgap position. Under these
circumstances the correction factor z can be approximated by z = 1. The p°t°-product is then
exclusively determined by the photocanductivity o, and the generation rate G:

ﬂ%ﬂ:_M:._._._._._ (Ad)
-4
The quantities that have to be measured are in this case the total sample resistance R, the

electrode spacing s, the electrode length 1, the sample thickness d and the generatiop rate which
is evainated frora an intensity measurement:

G=1,-(- R)-—--%-(l—e""') (AS)
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The relative error of ¢1°7° in the initial state can therefore be estimated to be:

wOREEE

Clearly the most important error source is thereby identified as the generatioo rate which
is affected by the imperfection of the collimatioo, the evaluated absorption coefficient, as well as
the thickness. Totally the incertainty of the generation rate is estimated to be abont 20 %. The
contributions of the measurement errors of the other paramaters are estimated to be abont 1 %
in the case of R, 5 % in the case of 5, 2 % in the case of | and 2 % in the case of d.

As a result in the case of truely intrinsic samples (i.€. in the degraded state) the value of
12%1° can be determined with a accuracy of about 30 %. Note that the most important errors are
partly systematic (expecially the correct evaluation of the Light intensity). Therefore it is ofien
possible to observe correct tendencies even if the p2t0-product varies less.

2 . il

Under these circumstances two distinet situations may occur. The transport can be
dominated either electrons or boles.

In the first case (n-type sample) the following relation holds:

b>> %_.-‘} >>1
[ (A7)
It follows that:
b1, %, (A3)

G b o

P

whereas in the opposite situation (p-type sample):

bee—5<x] (A9}
leading to: -
b o’ 1
UL S, 'Ry e T A10
G+ 777 ot b (A10)

In both cases it turns out that u°7" can be expressed as:
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“OT’JELW:.]C‘;'C.% (AlL)

Tt follows that with a measurement precision of abont 5 % for L, (see e.g. [Sanvain

1992]) and neglecting the uncertainty in the cross-section ratio which constitutes a systematic

error (since it is supposed to be the same for all samples) one finds that 2%7% can be ideally

measured with an aceuracy of about 10 %. In practice however this precision can not always be

obtained since the degradation of the sample during the measurement can be soroetimes
important even at low light intensities,
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ANNEX II

Calculatlon of Rsc

Based on the equivalent circaoit of paragraph 4.3 it has been found that the total current of
a p-i-n solar ¢ell under illumination can be expressed as:

IV)=—1y X(V-1-R)+ D(V-1-R)+S(V-1I-R) (Alzﬁ
In this eqnation y refers to the collection given by:
1
x(V-1-R)= I3 {Al3)
P
T+—
47 (V= [V-1R))
D stands for the diode term:
i
D(V-I-RS)=I°[8 et -1) (Alq)
S corresponds to the parallel resistance losses:
S(v -1-Ry) ==& (AL5)

Calculating the derivative of expression (A12) while taking into accomnt that I(V) is
actually an implicit function one finds:

ol

’ ', . _ﬂ._
5= o % +r+8% [1 o R,} (A16)

The short circuit resistance Ry can then be written as:

oo 1
Rscl=ﬁ= T

[l £+ D' +8

(AlT)

Jre
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Since the term in brackets of expression (Al7) contains a contribution which is
proportional to the photogenerated current it follows that the high intensity limit of Ry is given
by

AN tpsm
R, = [W) e R,
(Al8)

At light intensities sfficiently low to have

1>> % R, (A19)
01/dV can be approximated by
H

% =l A+ D+ 57} (A20)

Derivation yields the following contributions to @f/dV at V =0 V (bere the influence of
R, has been assumed to be negligible):

, Bo 1
oo X o S om 5 T Y (a21)
u 1+——O—L
KoV,

Dt (A22)
"
1
o A23
5 R (A23)

[

This results in the expressions given in section 4.3 for the medium and low level intensity
regimes.
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Annex 10

ANNEX III

PRECISION CONSIDERATIONS FOR THE VIM METHOD

A) DC-VIM method

In the following an estimation of the precision at which the collection voltage V., can be
evalnated nsing the DC-VIM approach is presented. For the calculation we admit that the
collection function % is the quantity which is measured. Practically one measures in fact either
the corrent of 2 cell or its spectral response which are both proportional to . And the
considerations could be formulated accordingly - leading to the same result.

X
A
1 e
';-‘:-..;.
x+
| — fe——> V
v v+ Veoll.

Fig. (A.1): Determination of the collection voltage V., by the evaluation of the collection function X at the
voltages of V* and V™.

Geometrically one sees in fig. (A.1) that the collection voltage V., can be calculated as:

ey V-V
vV, = . A24
coll. 2 m’l (A24)

The relative error in the V_, determination amounts to:

“wlfFbef

where |y* ~ x| can be estimated as:

[ xl-

S . A 11 1
a - Ax] S (0) E:—[ (AZ5)

x(0) (A26)




Annex ITl

The relative error in the collectico voltage determination ¢an then be estimated 1o be:

AV,  Ar Ay V Ay V
sl A . A el L TA | Toofl A2T)
Veu, 200 2000 V'-V°  x(0) V' -V (

This means that the relative error committed in the determination of ¥ is maghiﬁcd two
times by the magnitude of the lever V, /(V* ~ V7). In the case of a-Si:H solar cells it is
acceptable to keep this lever relatively smalt by selecting V'~ V™ =0.2 V. Would we like to
measure the collectioo voltage of a cell with V., =20 V with a precision of 10 % under these
conditions then our set-up should be able to measure y with a relative error smaller than
0.05 %.

For comparison this can be compared to the specified accuracy of the source measure unit
(Keithley, smn 236) which we use for the IV-curve acquisition. Under ideal conditions (sbort,
blinded terminals, apparatus thermally stabilized) an accuracy of +0.035 % can be obtained
with this instrument. In practice more than just two points of i are used for the determination of
V... 45 oneis actually fitting a straight line through a set of measurement points. The precision
would then approximately increase with the square root of the pumber of measurement points.

B) AC-VIM method

In the previously presented DC-VIM technique the variation of the collection functioo %,
was evaluated as the difference of two separately measured quantities. With a decrease of this
difference its relative error increases dramatically. In the AC-VIM approach this problem can be
strongly reduced.

Here one disposes of a separate measurement of the collection variation F=x" -2
around the origin and the collection ¥ 1tself The collection voltage V., is determined from
these two measurements as above:

Vou =2:(V"= V) (AZ8)

In this case the relative error committed in the evaluation of V,,, corresponds simply to
the sum of the relative errors:

1 (lav., lav ,_l ] Ay  BF
=—— LAY HEHAY ==+ = (A29)
Vma.[ E I I el R

To measure the same cell as in the example above with the same precision then it would
be sufficient to measure y and ¥ both with an relative accuracy of 5 %.
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Abbreviations

ABBREVIATIONS

|

AML.5:

amphoteric State:

a-Si:H:
CW:
Eg:
FF:
GD:

RG630:

Rec:
Tptwono:
SLD:

SR:
SSPG:
TCO:
VHF-GD:
Vm‘.
YAG:
ZnC:

air mass 1.5 spectrum - spectrum of sun rays after their passage
throngh an atrnosphere 1.5 times as thick as ours (i.e. under an angle)
defect state which can bave three different charge states (positively
charged, neutral negatively charged)

hydrogenated amorphous silicon

continuous wave, i.e. not pulsed

Fermi level

fill factor

glow discharge, i.¢. plasma enhanced chemicat vapor deposition
belium-neon laser (the gas lasers used in this work are operated at a
wavelength of 633 nm} y

hot-wire deposition method

short circuit current

type of Shott glass used as heat gbsorbing filter

ambipolar diffusicn length

maximum power point

neodyime doped yitrium-aluminivm gamet based solid state laser
normalized mobility recombination time product

flyorescent lamps with solar spectrum {trade name of Philips)
quanturm efficiency

red glass filter with a sharp cut-off wavelength at 630 nm

parallel resistance

series resistance

short circuit resistance

photoconductivity

sedivm lamp degradaﬁon system

spectral response

steady state photocarrier grating method

transparent conductive oxide

very high frequency glow discharge

open circuit voltage

sec under Nd-YAG

zinc oxide, nsed in this work as a TCO
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