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Voorwoord 
 

 
 
 
 
 
 
 
 
 
Het is precies 4 jaar geleden dat ik met 4 vrienden na 37 dagen en 3800 km fietsen 

aankwam bij de Aja Sofia in Istanbul, het einddoel van deze reis. Dit einddoel was vanaf het 
begin af aan duidelijk geweest, de route er naar toe was slechts in grote lijnen bedacht. 
Meerdere malen werd de koers gewijzigd afhankelijk van wat de dag ons bracht en wie of wat 
we tegen kwamen. Ik heb op dat moment nog niet goed beseft dat de weg naar een promotie 
op eenzelfde manier begaan wordt. Het doel is helder: dit boekje. De weg erheen wordt 
afhankelijk van wat je tegenkomt meerdere malen verlaten en aangepast. Alleen, deze reis 
duurde maar liefst 4 jaar en dat alles zonder wegenkaart! De reis naar Istanbul heeft me 
achteraf in ieder geval vele malen minder moeite gekost.  

Gelukkig heb ik de weg naar dit boekje niet alleen uitgestippeld en zijn er vele personen 
mede verantwoordelijk, voor de koers die is genomen en de plek waar ik uiteindelijk terecht 
ben gekomen. Ik wil daarom iedereen die mij de afgelopen 4 jaar een richting gewezen heeft 
bedanken. Ten eerste mijn directeur sportif (promotor) Ruud Schropp. Ik wil je bedanken voor 
de vrijheid die je me gegeven hebt, niet alleen in het zelfstandig onderzoek, maar ook voor de 
vrijheid die ik van je kreeg buiten het onderzoek. Je maakte het mogelijk voor me om 4 
maanden weg van het werk in noord Ghana les te geven en je gaf me de ruimte en het 
vertrouwen om tussen alle drukte door toch naar de wereld klimaatconferentie in Montreal te 
laten gaan. Periodes die ik niet snel zal vergeten en me steeds weer motivatie en frisse ideeën 
gaven om door te gaan. Ten tweede mijn ploegleider (copromotor) Jatin Rath. Dank je voor de 
discussies, support en vertouwen die je met hebt gegeven om te experimenteren in ‘het 
problemenkind’ de SALSA. We hadden het van te voren kunnen weten dat een sputter-

 



 

apparaat niet altijd mee zal werken maar veel zal tegensputteren. Ik mocht in ieder geval altijd 
mijn frustraties bij je neerleggen, waarna we gewoon weer nieuwe plannen bedachten. 

Uiteraard hebben ook veel SID collega’s en oud collega’s me met wegwijzers geholpen 
en vele malen een extra duw in de rug gegeven op momenten dat de bergen me te zwaar 
werden. Ik heb het altijd een gezellig peloton gevonden waarin veel werd samengewerkt en 
iedereen voor elkaar klaar staat. Karine, dank je voor de vele deposities, hulp en kleine weetjes 
die je gegeven hebt en elke dag dat je me weer kwam herinneren om pauze te houden: zonder 
voeding en rust kom je nergens op de fiets. Daarbij ben jij degene die nu al precies weet wat er 
in dit boekje staat omdat je me geweldig hebt geholpen om alle kromme engelse taal en 
spelfouten eruit te halen. Ik besef me wel dat ik geluk heb gehad dat er dit jaar geen nieuwe 
Harry Potter uitkwam. Hoe dan ook, dank je wel. Gerard en Arjen hebben me de afgelopen 4 
jaar bijgestaan om alle lekke banden gebroken spaken en doorgescheurde frames die ik met de 
SALSA opliep te repareren. Als fietser ken ik het belang van goed materiaal en nog betere 
mecaniciens. Ik heb veel van jullie geleerd zoals onder andere niet bang zijn om iets wat niet 
meer werkt uit elkaar te halen. Bedankt voor jullie ontspannenheid en vrolijkheid. Ruurd ik wil 
je naast je technische hulp vooral bedanken voor precies die opmerkingen die me weer aan het 
denken en zoeken zetten. Hoewel ik niet alles meer in detail heb kunnen uitzoeken, zoals de 
vele vragen die bij de scatter metingen overbleven, zul je in hoofdstuk 6 zeker wel herkennen 
wat je hebt toegevoegd. Riny dank je voor alles wat je aanvoelt en de moed die je me in hebt 
gesproken als het nodig was. Then my closest team-mates Robert en Hongbo, I enjoyed being 
in the same project with both of you. I think we have been a good team. We were able to listen 
to each other and add new arguments to our discussions or convince each other from a new 
direction we had to follow. I cannot imagine where I would have finished without you. 
Hongbo especially thanks for being my roommate for 4 years. After many changes in the room 
we finally found a desk arrangement that gave comfort to both of us.  De rest van de ploeg zal 
ik ook niet vergeten: Paula, dank je voor de discussies die we hebben gehad over zonnecellen 
maar zeker ook alle andere dingen daarbuiten. Yanchao, super dat je bent gebleven en nu zelfs 
in onze groep promoveert, het is een plezier om met je samen te werken. Vasco, ik vond het 
gezellig om de kamer met je te delen op de conferenties, ook al was ons slaapritme wat lastig te 
matchen. Arjan bedankt voor die programmaatjes die je even snel voor me schreef om 
eindeloze grote datafiles mee te verwerken. Caspar dank je voor je vrolijke toon en je 
apparaatje dat meet aan welke kant van het glas de geleidende laag zich bevindt en dat achteraf 
zelfs een indicatie gaf van de weerstand van die laag. Als laatste collega wil ik Hanno bedanken, 
je bent duidelijk een karakter in deze groep en hoewel ik wel eens heb gedacht tijdens een van 
je enthousiaste verhalen: “ hij haalt al zeker 5 minuten geen adem meer”, ben ik je erg gaan 
waarderen. Ik kon vaak bij je terecht met hele specifieke inhoudelijke vragen en je nam er veel 
tijd voor om het uit te leggen ook al begreep ik het niet in een keer. Je hebt me vaak weer 
nieuwe moed ingesproken. Verder wil ik de SID leden van beneden bedanken voor de hulp die 
ik heb gekregen. Eddy, Govert, Timon, Alberto, Frans en Wim, dank voor de metingen en 
discussies die aan dit onderzoek hebben bijgedragen. Dan zijn er nog de (oud)-studenten waar



 

ik de afgelopen 4 jaar mee heb samengewerkt. Zonder waterdragers zal een wielrenner zijn 
eigen energie te veel verbruiken en een minder resultaat behalen. Ze zijn daarom ook 
onmisbaar. Yanchao, Heng, Mohammed, Vincent, Koen, Quirine en Jan-Willem dank je wel 
voor jullie hulp, vragen en inzet. Ook zijn er nog oud-collega’s aan wie ik veel te danken heb. 
In het bijzonder Jochen en Aad. Het is altijd weer motiverend om met jullie beiden te praten, 
motiverend voor het zonnecel onderzoek maar ook voor de zonne-energie gerelateerde dingen 
daarbuiten. Jochen dank ik voor de hulp tijdens onze gevechten met de SALSA en je kennis op 
het gebied van TCOs. Ik heb het gemerkt toen je de groep verliet en ben toch wel een tijdje 
stuurloos geweest. Aad, je enthousiasme over zonnecellen is zeker op mij overgedragen. Ten 
eerste ben je ervoor verantwoordelijk dat ik in deze groep terecht kwam en later zelfs dat ik 
buiten dit werk, me ook voor Pico Sol ging inzetten.  

From outside the SID group I thank Peter Liljeroth and Aneliya Zdravkova for the 
help and explanations of the AFM measurements, which resulted in a very large contribution 
to this research. Pim van Maurik en Hans Meeldijk dank ik voor de SEM en XTEM metingen 
en mooie foto’s die dit heeft opgeleverd. Siska Valcke, dank je voor de hulp met de ion-mill. I 
thank Jordi Escarré for the scattering measurements he did during the last stage of this work. 
Uiteindelijk wil ik René van Swaaij en Martijn Tijssen van de Universiteit Delft danken voor de 
samenwerking met/tegen het sputter systeem en de gezelligheid in Hastings.  

Zo’n lange fietsreis als dit is onmogelijk te maken zonder de support van buitenaf, van 
langs de weg. Supporters die niet altijd weten waar je mee bezig bent, maar in je blijven geloven 
ook als het zichtbaar zwaarder wordt. Supporters geven je motivatie, doorzettingsvermogen en 
afleiding. En afleiding heb ik genoeg gehad de afgelopen 4 jaar. Folkwin en Emiel bedankt dat 
jullie me hebben overtuigd om nog wedstrijden te blijven rijden, waarmee we nog vele mooie 
koersen en gezelligheid meegemaakt hebben. Peter bedankt voor al die idioot geplande 
weekendjes in de Ardennen en Vogezen, het was vaak weer erg moeilijk om de maandag erna 
aan de slag te gaan. De partyclub bedank voor de gezellige weekendjes met zijn allen. I thank 
Nafisa Shaibu for taking care of me for the four months in Ghana and embracing me with the 
warmth of the African life, an experience that really opened my eyes. Sinds deze tijd ben ik 
steeds meer gaan geloven in het gebruik van zonne-energie systemen in ontwikkelingslanden. 
Ik heb de impact gezien. Het werd een extra motivatie voor mijn onderzoek: “we will make 
solar energy so cheap that only the rich will burn fossil fuel”. Een motivatie die allang gaande is 
aangezien de kosten voor zonne-energie in ontwikkelingslanden wel concurrerend zijn. 
Natuurlijk wou ik hiermee meer doen dan alleen het onderzoek, ik dank daarom ook iedereen 
van Pico Sol, Henry, Bernd, René, Aad en de rest voor het enthousiasme waarmee we PV in 
Cambodja, Ghana en vele andere landen weten te brengen. Als laatste ben ik veel verschuldigd 
aan mijn hele familie, mijn trouwste supporters die de hele weg mee hebben afgelegd en 
waarop ik altijd kon terug vallen om me weer op te laden.  

Pssst… Maike, jij veranderde alles die dag op de uni. Alsof ik je tegenkwam langs de 
kant van de weg en ik moest afstappen om je te spreken. Gelukkig ben je daarna samen mee 
opgestapt om de fietsreis verder af te maken naar dit tussenstation. Welja…. wij zijn nog lang 
niet klaar met samen reizen! 
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1  
Introduction 

 
 
 
 
 
 
 
1.1 Solar energy worldwide 

 
Solar energy, the earth’s source of life, has an enormous potential to also become 

earth’s inexhaustible and clean energy/electricity source. Each year the earth receives an energy 
input from the sun that exceeds the world total energy consumption by more than 10.000 
times and the electricity consumption by more than 100.000 times (5.4*1024 J/year). If we put 
this in the perspective for the use of PV for electricity conversion we have to take into account 
10 % conversion efficiency for PV, assuming 40 % full cloud coverage and approximately 1/6 
of the time with enough direct sunshine each day (For a PV system ± 80 kWh/m2 each year, 
this resembles the situation of c-Si PV systems in the Netherlands). In this case for the 
electricity consumption in the Netherlands an area of 1200 km2 of PV is needed, which is 
approximately the same area as the area for paved road in the Netherlands. From a global 
perspective much more full sunlight is received and relatively less energy is consumed. If we 
take into account a factor 2.5 more sunlight [1, 2] we need 1/2500 part of the earth’s land area 
covered with PV in order to supply for the world’s electricity consumption. This is 
approximately 250 km x 250 km and around 1 % of the Sahara desert area or 15 % of the 
Great Victorian Australian desert.  
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1.1.1 Developing countries 
 
Worldwide an estimated 1.6 billion people, about a quarter of humanity, have no access 

to electricity, and 2.4 billion people rely on coal, dung and wood as source of energy [3, 4]. 
Most of these people live in rural areas in developing countries in Asia, Africa and South-
America. The lack of electricity blocks the development of rural communities and poor 
countries and the perspective to an higher reasonable living standard. The reason for the 
absence of electricity is that these places are difficult to connect to an electricity grid and the 
countries exhibit a lack of knowledge and financing to develop a reasonable infrastructure for 
large scale electricity production for all its inhabitants. Also the supply of constant energy 
sources, like coal, gas, oil or uranium, is difficult to achieve in countries that are politically and 
socially not stable. More often these sources are not available in the country itself and have to 
be imported from outside, where prices nowadays are drastically increasing. Furthermore, large 
scale production of electricity on coal, oil, gas and nuclear plants needs a large supply of 
cooling water. Lack of many water resources in certain countries limits the use of these options 
or makes them impossible. Even more, the cost/kWh of these “common” electricity 
production possibilities in these rural areas makes it hardly interesting for any financing.  

In contrast, sunlight is for everybody, can be found everywhere and is in many cases 
abundantly present in the places that do not have access to electricity. Therefore, the use of 
solar energy in these places has high potential. Even more, PV is a cost effective solution for 
off grid applications [5]. Installing photovoltaic (PV) solar energy systems in rural areas is, 
however, organizationally, technically and socially not straightforward and no weaknesses can 
be allowed [6]. Proper designs and taking into account the socio-economic culture of the target 
communities show increased success of larger and smaller autonomous PV systems in less 
developed areas [7]. Both socially and economically, the presence of electricity has a large 
positive impact on the communities involved. Solar energy enables the use of electricity in 
areas that otherwise will be cut off from any electricity source and, moreover, it provides the 
communities with a sustainable and clean energy supply.  

 
1.1.2 Developed countries 

 
With a fast growing population worldwide and an explosively growing demand on 

energy, the use of a clean and sustainable energy supply is inevitable: as on the long term fossil 
fuels and nuclear power both will become exhausted and, at present, these sources already give 
major environmental and social risks and issues. Among a wide collection of sustainable energy 
sources available, PV is an interesting candidate as alternative energy source, also for the 
developed countries. However, as the energy consumption in developed countries is high and 
most areas already are provided with an electricity grid and infrastructure for the traditional 
energy sources (fossil and nuclear), PV has to compete quantitatively and cost effectively with 
energy sources that are one step ahead. Nevertheless, since 1999 the global solar cell 
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production has increased with 40 % annually [5]. In order to reach a dominant contribution of 
PV to the energy mixture on the long term a cost reduction is required to become competitive 
to the grid cost of conventional sources (0.08 €/kWh is the present billing price without tax in 
the Netherlands). To reach these costs (0.05-0.10 €/kWh) for PV, system prices around 1 
€/Wp should be reached. Nowadays system prices are still in the order of 5 €/Wp. Present day 
learning curves will already result in module prices around 2 €/Wp and system prices around 
3.5 €/Wp (roof-top) for 2010. The silicon based PV materials (thin film and c-Si) show a 
potential to cost around 0.69 and 0.71 €/Wp on module level respectively [5]. To increase the 
speed of cost reduction more knowledge about the fundamental physics of the limits and 
possibilities of silicon solar cells is needed. The work described in this thesis contributes to the 
optimization and reduction costs of thin film silicon solar cells. 

 
 
1.2 Thin film silicon 

 
At present the largest part of the PV market is based on crystalline silicon p-n junction 

solar cells with high conversion efficiencies, reaching values above 10 %. The production 
costs, however, are still rather high due to energy use, material cost and high material loss. The 
cheaper alternative is the thin film concept. In this concept the silicon is deposited from a gas 
phase, with SiH4 and H2 by a low temperature process on cheap substrates like glass or flexible 
stainless steel. The production costs of this process mainly depend on the deposition rate 
(deposition time) of the material, which limits the throughput and determines the sizes of the 
production equipment. Thin film silicon can be deposited in two different phases: amorphous 
silicon (a-Si:H) or microcrystalline silicon (µc-Si:H). The hydrogenated a-Si consists of a 
random network of Si-Si and Si-H bonds. There is no ordered matrix and no long range order 
in terms of bond length or bond angle. Therefore, a considerably high density of strained Si-Si 
bonds is present, which results in the presence of band tail states. In addition to the strained 
bonds the material possesses voids and threefold coordinated silicon atoms with so called 
dangling bonds. The hydrogen inside the material passivates many of these dangling bonds and 
reduces the defect density to typically 1016 cm-3. The presence of hydrogen is important for the 
opto-electric properties of amorphous silicon. 

By increasing the hydrogen dilution during deposition the morphology of the a-Si:H 
changes. A modest hydrogen dilution gives material with a higher medium-range order in the 
structure. The material is referred to as protocrystalline silicon [8]. Further increasing the 
hydrogen dilution induces a transition to a crystalline growth regime. Different materials can 
be obtained from polymorphous [9], microcrystalline silicon (µc-Si:H) [10] to polycrystalline 
silicon (poly-Si) [11], depending on the amorphous fraction of the layer.  

The different materials have different opto-electronic properties and exhibit different 
metastable behavior. The electrical properties of the solar cells can degrade under illumination 
(depending on the material). This phenomenon is called the Staebler-Wronski effect (SWE) 
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[12]. Due to the illumination the density of dangling bonds increases drastically, which results 
in reduced lifetime of the free carriers. For thinner layers in p-i-n or n-i-p cells the SWE will be 
limited as a strong electric field over the whole i-layer enables the free carriers to survive. For 
a-Si:H the degradation of the electrical properties is significant, therefore amorphous solar cells 
have preferably i-layers thinner than ~ 0.5 µm or the stability should be improved by, for 
example, depositing protosilicon material nearby the transition regime. This material has been 
shown to posses increased resistance against light induced degradation [8]. 

 For µc-Si material the light induced degradation is limited by its crystalline character. 
On the other hand, it also possesses an indirect band-gap and a lower absorption coefficient 
than a-Si:H that has a relaxed network and behaves like a direct band-gap material. In order to 
absorb enough light in the µc-Si solar cells, i-layers thicker than ~2 µm are required. However, 
to be interesting for production the layer thickness should be limited below 2 µm, which can 
only be efficient with optimized light trapping schemes.  

In both cases ( a-Si:H and µc-Si materials) it is necessary to improve the light trapping 
techniques of the solar cells, in order to suppress the i-layer thickness on the one hand and yet 
generate enough current for high efficiency on the other hand.  

 
 

1.3 Basic principle of thin film (multibandgap) solar cells 
 
A thin film solar cell can be made in two types that depend on the order of growth of 

the layers involved: The superstrate p-i-n type, with a transparent glass/TCO substrate as 
carrier material, or substrate n-i-p type, with in many cases a stainless steel substrate as carrier. 
Figure 1.1 gives a cross sectional view of the two solar cell types. The intrinsic i-layer is the 
charge generating layer. Both types will be presented in this research. The intrinsic layer has a 
specific band gap, dependent on the type of material used. Absorption of photons with an 
energy higher than the band gap leads to creation of an electron-hole pair. Electrons in the 
conduction band and holes in the valence band can move to the external contacts (e.g. TCO 
and Ag). This movement is directed by the internal electrical field generated by the doped p- 
and n- layers. Thin film silicon solar cells are therefore drift-type devices. As the drift mobility 
of holes is smaller than that of electrons it is preferred to generate as many photocarriers 
nearby the p-layer in order to keep the path length of the holes as small as possible. Because 
most light is absorbed in the front part of a solar cell, illumination through the p-layer site is 
preferred as can be seen in Figure 1.1.  

In order to collect all the current, the n-i-p or p-i-n device is sandwiched between two 
contact layers. The front contact ought to be conductive and transparent. Therefore 
transparent conducting oxides (TCOs) like ZnO:Al, SnO2:F or In2O3:SnO2 (ITO) are used. 
Metal grid lines on the front can be used to improve the conductivity. At the back the contact 
consists of a metal like Ag, Al or SS. 
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In order to decrease the film thicknesses and increase the light trapping into the active 
solar cell layer, efficient light trapping schemes have to be designed. This can be done by using 
a highly reflecting textured back metal/TCO combination (e.g. rough Ag/ZnO:Al) for 
substrate cells or a highly transparent textured TCO front layer (e.g textured grown SnO2:F or 
texture etched ZnO:Al) for superstrate cells. As the long wavelength light has the lowest 
absorption probability the TCO and Ag light scattering interfaces should be optimized for this 
wavelength range. Furthermore, the TCO layers that are deposited prior to the solar cell layers 
should be resistant against chemical reduction from the hydrogen rich atmosphere used in 
many cases of silicon deposition. 

 
 

Glass substrate + TCO 
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Figure 1.1: Cross sectional view of two types of thin film solar cells. The superstrate p-i-n, with a 
transparent glass/TCO substrate as carrier material on top and the substrate n-i-p type, with in many 
cases a stainless steel substrate as carrier material at the bottom.  
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1.3.1 Multibandgap solar cell 
 
As already mentioned, the band gap of the i-layer is dependent on the type of material 

used. For amorphous silicon the band gap can be tuned between 1.7 and 2 eV depending on 
the deposition conditions. For µc-Si a band gap around 1.1-1.2 eV can be achieved. By alloying 
the silicon material for instance with Ge that can be added during the deposition of a-Si:H 
materials the band gap can be tuned between the values of µc-Si and a-Si:H. Due to these 
differences in the band-gap, each different type of material is most sensitive for a different 
wavelength region. By combining the single solar cells to two or three cells in series (tandem of 
triple solar cells) the absorption of the light is split over the different sub cells. This results in 
optimized use of the light and allows the thickness of the single layers involved to be 
decreased, which results in improved stability.  

 
 n nTCO TCO n µc-Si:H M p p p a-Si:H a-SiGe:H 

EF 

Eg 

 
 
Figure 1.2: A simplified representation of the band diagram of an a-Si:H/a-SiGe:H/µc-Si:H triple 
junction (n-i-p) solar cell. Two n/p tunnel recombination junctions are present. All electrons from the 
upper cell have to recombine with all the holes from the lower cell in order to avoid losses in Voc and Jsc. 

 
Figure 1.2 shows the band diagram of an a-Si:H/a-SiGe:H/µc-Si:H triple junction (n-i-

p) solar cell. The a-Si:H top cell mainly absorbs the small wavelength light. The subsequent 
cells absorb the longer wavelengths. As the single cells are connected in series, the open-circuit 
voltage of the multijunction solar cell is in principle the sum of the single component cells. The 
short circuit current is limited by the lowest generated current in one of the component cells. 
In order to have an optimized cell the currents of all the single components should be 
matched. The junction between two component cells is called the tunnel recombination 
junction (TRJ). In multijunction solar cells this TRJ is a reverse p/n junction. Electrons 
generated in the upper cell have to recombine with the holes generated in the lower cell. A 
mismatch of the single cell components results in charge built up at the TRJ and loss in Voc 
and Jsc. Current matching basically means, adapting the layer thickness or the band gap of the 
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single cells so that the current generated in each cell is equal. A cross section of a triple-
junction solar cell is depicted in Figure 1.3, with a µc-Si:H bottom cell that has a low 
absorption coefficient for the long wavelength light and, therefore, requires highly efficient 
light trapping schemes if thin layers are to be used. The highest triple efficiencies reported are 
15.1 % for a n-i-p/n-i-p/n-i-p a-Si:H/a-SiGe:H/µc-Si:H and 14.2 % for a n-i-p/n-i-p/n-i-p a-
Si:H/µc-Si:H/µc-Si:H solar cell [13]. In both cases the stabilized efficiency is 13.3 %.   
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Figure 1.3: A cross sectional view of a a-Si:H/a-SiGe:H/µc-Si:H triple-junction solar cell. In order to 
obtain enough current generation in the µc-Si:H bottom cell, light trapping schemes, such as textured 
interfaces, are needed. Introducing roughness at the bottom interface of the solar cell will result in 
roughness on all interfaces. 
 
 
1.4 Transparent Conducting Oxides 

 
As mentioned above, on the front side of a solar cell a transparent conducting oxide is 

needed in order to take care of the lateral conduction of the charge carriers as the p-type 
silicon layers have a too low conductivity < 10-2 Ω-1cm-1. The use of a TCO layer, therefore, 
lowers the resistive losses of the whole device if a high lateral conductivity layer is used. As the 
TCO layer is deposited at the front side of the solar cell and is not a photo-active layer, the 
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losses in light absorption should be minimized. A high optical transmission in the wavelength 
range from 350-1100 nm is required. These two requirements can easily compensate each 
other and should both be optimized for the use in thin film solar cells.  Commonly used TCOs 
such as SnO2:F, ZnO:Al and ITO are n-type doped degenerated wide-gap semiconductors. 
Their conductivity is proportional to the concentration n and mobility µn of the electrons. 
Furthermore, the lateral resistance is inversely proportional to the thickness and conductivity. 
This implies that in order to decrease the resistance, the carrier concentration, mobility or 
thickness can be increased. Increasing the thickness or carrier concentration, however, both 
have direct effect on the optical properties of the material. The absorption in the TCO is 
exponentially dependent on the thickness following Beer’s law. The electron density decreases 
the transmission due to a high wavelength absorption by free carriers, following Drude’s model 
[14]. 

Thus, increasing the mobility is the best way to increase the conductivity without 
sacrificing the long wavelength transmission. The mobility, however, is in theory limited by the 
ionized impurity scattering at grain boundaries, which is a dominant effect in highly doped 
TCO layers [15]. Increasing the grain sizes decreases the grain boundary density and thus the 
influence of the scattering. In order to reach high conductivity without sacrificing the 
transparency, ZnO:Al TCO layers should be optimized and new TCO materials with high 
mobility have to be explored. 

Apart from the electrical and optical requirements on TCOs for thin film solar cells the 
TCO also should possess chemical inertness to atomic hydrogen species that are created 
during PECVD or HWCVD deposition of the silicon layers. It has been observed that SnO2:F 
is not inert under high hydrogen dilution conditions such as µc-Si or high temperature 
HWCVD depositions [16, 17]. A more inert ZnO:Al can be used as protection layer. On the 
other hand, the deposition of the TCO layers on top of the silicon solar cells with magnetron 
sputtering can also induce changes to the interface due to the high energetic oxygen 
bombardment, normal for sputtering. Both deposition techniques can therefore damage the 
TCO/silicon interfaces, resulting in inferior contacts. The influence on the interfaces by the 
different materials and deposition techniques should be investigated. 

 
 

1.5 Light trapping 
 
Apart from the use of the electrical properties, most TCO materials can be prepared 

with an appropriate surface roughness for light scattering. As has been discussed, in order to 
decrease the deposition time of a single layer and increase the stability, the thickness of the 
layers should be minimized. In order to still maintain enough current generation, the incoming 
light should be scattered or even trapped inside the photoelectric layer. For p-i-n solar cells the 
most common way to induce texture on the solar cell interfaces is to texture-etch or texture-
grow the TCO layer onto which the solar cell is deposited. All consecutive interfaces for thin 
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films will adapt the same roughness and induce scattering. For n-i-p devices the surface 
roughness can be obtained in two ways: either by using a textured TCO on a smooth reflecting 
metal or by depositing a textured reflecting metal. A highly reflecting metal suitable for solar 
cells is Ag. Ag can also be grown with surface roughness depending on the layer thickness and 
deposition temperature, for example with magnetron sputtering. By use of the known structure 
zone growth model many different types of roughness (surface morphologies) can easily be 
obtained. The roughness of the interfaces is believed to be the key of efficient light trapping. 
Root-mean-square (rms) roughness, angular resolved scattering (ars) values and the haze are 
normally used to indicate the scattering capability, but they do not quantitatively correlate with 
the enhancement in current generated in a solar cell. A better understanding in the relation 
between the surface morphology with 1) the current generation due to light trapping and 2) the 
i-layer quality of the solar cell material is needed in order to increase the solar cell efficiencies. 

 
 

1.6 Aim and outline 
 
In the previous sections we have addressed the present status and opportunities of thin 

film solar cells in the socio-economic and research field. We discussed the issues of light 
degradation and the importance of TCOs and light trapping schemes in order to become 
sufficiently interesting for an industrial process. The work in this thesis is based on two 
objectives: (1) the development and characterization of TCOs suitable for thin films solar cells 
and (2) the understanding of light trapping by textured surfaces in thin film solar cells.  

For the first objective, emphasis has been put on the understanding of the layer 
evolution, film properties and the factors determining the performance of solar cells deposited 
with these TCOs. This is described in Chapter 3 by some phenomenological effects on the 
deposition of ZnO:Al (AZO) and ZnO:In (IZO). Additionally, some of the effects on light 
trapping of a ZnO:Al enhanced back reflector are introduced.  Chapter 4 focuses more on the 
stability behavior of ZnO:Al under atomic hydrogen exposure during high deposition rate 
HWCVD silicon deposition and shows the way to obtain stable high efficiency a-Si:H solar 
cells.  

The succeeding chapters focus on the second objective. Chapter 5 discusses the growth 
evolution of textured Ag and Ag:AlOx contacts in order to obtain control of the surface 
morphology for efficient back reflectors. A relation between the surface morphology of the Ag 
back contact and the current enhancement of µc-Si solar cells is discussed in Chapter 6. Finally 
an indication of the factors limiting the light trapping e.g. plasmon absorption and the growth 
of the silicon material, depending on surface roughness, are discussed in Chapter 7.  

 
 
 
 

 



24                                                                                                                           Introduction                

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 

2 
Experimental techniques 

and concepts 
 
 
 
 

2.1 RF Magnetron Sputtering 
 

In this research, all the solar cell contact layers, the TCOs (such as ZnO:Al and ITO) 
and metals (such as Ag) are deposited by RF magnetron sputtering. This section will describe 
the main principles of magnetron sputtering. Sputtering is the release of atoms from a surface 
induced by a high energetic ion bombardment. Ions with sufficient energy penetrate into the 
target material while releasing their energy and momentum in a cascade of collisions. During 
the collisions surface atoms from the target material are ejected. The number of atoms per 
incident ion (sputter yield) depends on the ion energy, the masses of the ions and the target 
atoms, the angle of incidence and the binding energy of the surface atoms.  
 The ions are generated in a radio frequent (RF) glow discharge in an Ar gas between 
two electrodes (cathode: target, anode: grounded substrate) by which Ar+ ions are produced. 
The electric field in front of the cathode accelerates the Ar+ ions to the surface of the target. 
By use of a magnetic field around the cathode, the discharge plasma is confined in a torus-like 
shape in front of the target. The strength of the magnetic field is adjusted in such a way that 
the electrons are significantly influenced and the ions are not. The electrons perform cycloidal 
orbits at the crosspoint of the electric and magnetic fields, leading locally to high ionization 
efficiency. Therefore, the plasma can already be sustained at pressures below 10-2 µbar, which 
is preferred, as the sputtered atoms can reach the substrate without any further collisions. 

25 
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A schematic diagram of a magnetron sputtering discharge is shown in Figure 2.1a. A 
non-uniform erosion pattern (racetrack) on the target is the result of the torus-shaped plasma 
confinement. The potential distribution between the electrodes that determines the energy of 
the ions is shown in Figure 2.1b.  The potential distribution can be influenced by external 
parameters such as process pressure and power. The sputtering yields can be written as: 
 
S = constant∗( Eion – Ethres ) = constant∗e∗(Vp –Vdc-Vthres)                       (2.1) 
 
where the threshold energy Vthres, depends on the masses of the ions and atoms. The 
deposition rate is proportional to the sputtering yield S, the power of the discharge P and the 
secondary emission coefficient γ: 

rd = constant∗e∗P(1- γ) ∗ (1 + Vp – tresh

dc

V
V

)                                    (2.2) 
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Figure 2.1 (a): A schematic diagram of a magnetron sputtering discharge with a donut shaped plasma 
confinement and racetrack on the target. (b) The potential distribution between the two electrodes of an 
RF sputtering discharge, where the positive ions are accelerated to the target with an energy of Vpl + |Vdc| 
and to the substrate with an energy of Vpl. The negative ions accelerate to the substrate with an energy of 
|Vdc|-Vpl. (b) 
 
 During sputtering of ZnO with Ar gas, as is the case in this research, the positive ions 
that are created in the gas phase like Zn+, O+ and Ar+ will be accelerated to the target 
(cathode).  Negative ions such as O- and O2- will accelerate towards the substrate and the 
growing layer. Together with reflected Ar neutrals they will influence the growth of the layer 
depending on the energy of the bombardment. Oxygen can also be added to the gas phase in 
combination with the Ar gas. Depending on the partial pressure the oxygen ions and neutrals 
may react in the gas phase with the sputtered species at both the target and the substrate 
surface. 
 
 
2.2  Deposition equipment 
 

2.2.1 RF magnetron sputtering system 
 

The RF magnetron sputtering system used in this research is a fully automated 
multitraget system (Kurt J Lesker Company) named SALSA (Sputtering Apparatus for Light 
Scattering Applications). A schematic cross section is presented in Figure 2.2. The system 
consists of one load lock with a movable cooling stage and a central chamber equipped with 
four torus sources, each with its own matching network. The two chambers have a background 
pressure < 10-7 mbar. A linear transport arm can move the substrate holder from the load lock 
to the central chamber. The plasma power is supplied by a 1.6 kW RF Hüttinger power 
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generator. The large area torus sources are suitable for 7-inch diameter ceramic or metallic 
targets. The ceramic targets are bonded onto a copper backing plate with heat conducting glue 
in order to achieve a homogeneous cooling. All targets are water cooled from the back.  

In order to avoid cross contamination between targets during deposition, the targets 
are separated from each other by four liner shields in between them and one horizontally 
placed contamination shield with four round openings. Slightly above this shield a rotating 
shutter plate is placed with one round opening. Above the targets one moveable (rotation as 
well as Z-shift) “J” arm, equipped with the substrate holder clamping assembly and the 
substrate heatier, can reach all four positions.   

The substrate is heated from the back by the radiation of three halogen lamps 
positioned in a closed box. The lamps heat up from the back a thin (0.5 cm) titanium substrate 
holder. The substrates are clamped firmly against the edges by use of heat resistant Nimonic 
springs. The substrate temperature is controlled by a 2408 Eurotherm that measures the holder 
temperature with a flexible thermocouple pressed at the back of the holder. The thermocouple 
is placed inside a metal housing in order to shield it from direct illumination of the lamps. A 
maximum controller temperature of 750 oC is allowed. The calibration measurements for 
different types of substrates, such as Corning glass and stainless steel are discussed in 
Appendix A.   
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Figure 2.2: Cross section of the Salsa with a load lock (LL) and a process chamber (PC) equipped with 
four targets that are shielded from each other to prevent contamination. The substrate is transferred from 
the LL with the linear arm to the PC and clamped to the heating assembly. 

 
During the course of this research three target positions have been used with a fixed 

target material (Ag, ZnO:Al(1%), and In2O3:Sn2O3(10%), the latter also called ITO). The 
fourth position has been used for targets with various compositions (Al2O3, TiO2, ZnO, 
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Ag:Al(1%), ZnO:In2O3(13%) and Al). In some cases a donut-shaped shield was placed above 
the target in order to obtain a layer with improved thickness homogeneity. In the case of 
metallic targets the shield was grounded, while in the case of non-metallic targets the shield 
was floating. In Table 2.1 the generally used (standard) deposition parameters for the three 
fixed target materials are given. 
 
Table 2.1: Standard sputtering parameters for three different type of target materials.  
 

Target material Ag ZnO:Al (1%) ITO 

Target-substrate distance (mm) 140 125 115 
Power (W) 500 300 400 
Pressure (µbar) 2 3 20 
Temperature setting (oC) 200-400 0-250 0-150 
Substrate temperature (oC) 200-280 90-230 90-180 
Gasflow (sccm)      Ar 10 6.6 20 
                                Ar:O2 (0.3%)  3.3  
Deposition rate (nm/min) 33.3 10.0 6.2 
Deposition time (s) 1600 600 770 
Donut-shield Yes No Yes 

 

2.2.2. Multichamber Pasta system 
 

All silicon layers are deposited in the multi-chamber high vacuum deposition system 
called PASTA (Process equipment for amorphous silicon thin-film applications) [18] The 
system is equipped with five deposition chambers that are interconnected via an internal 
transport chamber.  Three deposition chambers are used for deposition of p-type, intrinsic and 
n-type silicon layers by plasma enhanced chemical vapor deposition (PECVD) with an RF 
generator operating at 13.56 MHz. The other two chambers are used for Hot-Wire CVD 
(HWCVD) depositions and use filaments that are positioned perpendicular to the gas flow 
direction. The HW filaments are the source of the growth precursors due to a catalytic process 
on the surface with the source gas species [19]. The substrate holder can handle substrates with 
sizes up to 10 cm X 10 cm. 

In this research, all the solar cell i-layers are made in one of the HWCVD chambers. 
The n-type and p-type layers are deposited in the PECVD chambers. The HWCVD chamber 
is equipped with two Ta wires with a filament diameter of 0.5 mm. The distance between the 
substrate and the wires is 4 cm. Before the deposition, the filaments and the substrate are 
preheated, with a closed shutter and no gas flow, to the desired deposition temperature. 
During the deposition the substrate is heated by the wires only. No external heating is used. 
Source gasses are injected into the chamber and the shutter is opened when an equilibrium 
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temperature is reached. Silane (SiH4) gas is used as a source gas and only for µc-Si deposition 
hydrogen (H2) is added.  During deposition the filament current is kept constant.  

Corning 1737 glass and unpolished stainless steel (SS) have been used in this research 
as the substrates for n-i-p type solar cells. For p-i-n type solar cells we used commercially 
available Asahi U-type SnO2:F superstrates. Typical intrinsic deposition parameters that are 
used in this research for µc-Si n-i-p and protosilicon (a-Si:H) p-i-n solar cells are given in Table 
2.2.  

 
Table 2.2: Typical intrinsic layer deposition parameters that are used in this research for µc-Si n-i-p and 
protosilicon (a-Si:H) p-i-n solar cells. 
 

Deposition parameters µc-Si (n-i-p) Proto-Si (p-i-n) 

Thickness (nm) 1500-2000 200-500 
Pressure (µbar) 50 20 
SiH4/H2 5/100 90/0 
Tsub (

oC) 250 250-375 
Tfill (

oC) 1800 1800-2200 
rd (nm/s) 0.2 0.9-3.5 

 
 

2.3. Material properties 
 

This section gives a short description of the physical properties of Transparent 
Conducting Oxides (TCOs). It is clear that layers that are transparent as well as conducting 
cannot be obtained without any limitations. Fundamentally, there is a trade-off between these 
properties. This trade-off will be described in Chapter 3. Additionally, we will give a short 
overview of the growth models for polycrystalline metal layers as will be discussed extensively 
in Chapter 5. 
 
2.3.1 Transparent Conducting Oxide 
 

Stoichiometric metal oxides have a band gap larger than 3 eV and are therefore 
practically insulators at room temperature. However, a high charge carrier concentration in 
TCOs can easily be obtained by use of two doping mechanisms. Due to this the material 
becomes n-type. The two mechanisms are called 1) intrinsic doping and 2) extrinsic doping.  

 
Intrinsic doping: Intrinsic doping is present in the layers due to a deviation in the crystal lattice, 
away from stoichiometry. This leads to a small oxygen deficiency and thus to oxygen vacancies. 
These oxygen vacancies give rise to shallow donor states just below the conduction band. 
These states act as an n-type impurity band as depicted in Figure 2.3.  
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Extrinsic doping: By replacing the original bulk metal ions (cations) and bulk oxygen ions 
(anions) with ions having respectively a higher and lower valence, the carrier concentration can 
be increased further. This increase results eventually in a degenerately doped TCO layer with 
the Fermi level shifted into the conduction band.  
 

The electrical transport in the TCO layers is limited by several scattering mechanisms 
in the polycrystalline material. The mobility is dependent on the type of scattering that 
dominantly limits the transport of the charge carriers. The two main scattering mechanisms are 
1) ionized impurity scattering and 2) scattering at the grain boundaries.  The impurity scattering 
is caused by the extrinsic dopants that are ionized and create an electric field that can be felt by 
the free electron gas. The impurity scattering is therefore dependent on the electron 
concentration and the temperature. The scattering at the grain boundaries is caused by 
deviations in the lattice periodicity between neighboring crystals. Polycrystalline material 
additionally allows oxygen to be physisorbed at the grain boundaries. Due to the higher 
electron affinity of oxygen, space charge is created that builts up a potential barrier between 
the crystals. The mobility therefore is dependent on the density of grain boundaries or the sizes 
of the crystals. The lowest resistivity will be obtained when all scattering mechanisms are 
eliminated: therefore, the goal is to obtain a low resistivity with the lowest amount of charge 
carriers and the highest mobility. 
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Figure 2.3: A simplified band gap description of TCOs: (left) without and (right) with impurities. The 
Burstein-Moss effect increases the band gap. 

 
In the optical absorption spectrum of TCOs we distinguish three regimes. The first 

regime is for wavelengths with an energy higher than the band gap energy ( > 3 eV, thus λ < 

 



32                                                                                 Experimental techniques and concepts 

400 nm). As is seen in Figure 2.3 the increase of the carrier density in the conduction band by 
the doping mechanisms increases the band gap, because no electron excitation takes place to 
energy levels in the conduction band below the Fermi-level. This increase that corresponds to 
a shift in the absorption edge to smaller wavelengths is called the Burstein-Moss shift [20].  On 
the other hand, it has been observed, that the increase in carrier concentration also decreases 
the gap between the valence and conduction band. This effect is caused by the electron-
impurit

n the thickness and refractive index of 
the TC

ielectric constants ε and ε0 of the TCO and free space, respectively, and the effective mass m*: 
 

y scattering and it compensates the Burstein-Moss band gap increase. 
The second wavelength range is the range between 400 nm < λ < 1000 nm. In this 

range the photon energy is too low and the TCO layer is transparent. If the TCO is sufficiently 
flat, an interference structure will be seen, dependent o

O layer. The absorption in this region is small.  
In the third wavelength region, λ > 1000 nm, the absorption is again increased 

significantly. This effect is due to absorption of the free carriers, which is described by the 
Drude theory [14]. At frequencies below the plasma frequency of the free electron gas the 
incoming light is reflected. The plasma frequency depends on the carrier concentration n, the 
d
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.3.2 Polycrystalline growth 

 

 by a low surface diffusion and blocking of grains, which results 
in sphe

 
2

Most types of sputtered TCOs as well as Ag metal layers commonly have 
polycrystalline structure. The correlation between the grain structure and the surface 
morphology is described in the literature by the structure zone model. For sputtered metal 
layers the model is based on the description from Thornton [21]. The model explains the grain 
structure growth in four different zones depending on sputtering pressure and on the ratio of 
the substrate temperature and the melting point of the metal. The evolution of the layers is 
dependent on various physical processes, such as the condensation, the diffusion and the 
bombardment on the surface. All processes are energetically driven by the activation energy for 
diffusion on the surface, the sublimation energy of the metal and the kinetic energy of the 
bombarding species. The process that is dominating the growth depends on the sputtering 
conditions.  We distinguish separated growth zones in which different processes are 
dominating. In growth zone 1 the diffusion is limited; this results in small columnar grains. 
Growth zone T shows increased diffusion with increased grain sizes and a rough surface 
morphology and is a transition to growth zone 2, which is characterized by high surface 
diffusion resulting in a decreased surface roughness and large columnar grains. The last zone, 
zone 3, is characterized again

rical grain structures.  
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Furthermore, the literature describes the above structure zone model in combination 
with contaminants in the gas phase, which is called the real structure zone model [22]. A more 
detailed description of the exact physical effects of the evolution of polycrystalline growth in a 

ure and contaminated case, as described in the literature, is given in Chapter 5. This chapter 
iscusses the growth zone model in order to grow specific morphologies of metal Ag layers. 
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2.4 Contact characteriz
 

2.4.1 Optical prop
 

 mini set-up  
 

The RT mini set-up is a compact system for a simultaneous measurement of the 
specular reflectance and transmittance spectra at the exact same position, with a spot size of 
approximately 1 mm2. The spectra are measured on a flat substrate with the TCO layer facing 
the light source. The white light from a halogen source is conducted through optical fibers and 
focused on the thin layer. The transmission and reflection of the light are recorded by two 
photodiode arrays over a wavelength range from 380 to 1050 nm. For the calculation of the 
thickness, n and k values and absorption coefficients we used the program OPTICS 2 [18, 23]. 
This program iteratively solves the Maxwell equations for the coherent
th
and its first derivative are
 

S Spectroscopy 
 

For the purpose of measuring the specular (RS) and the total reflection (RT), and thus 
the absorption of rough metal layers, we have used a Perkin-Elmer Lambda 2S double beam 
spectrophotometer equipped with an integrating sphere. A schematic drawing of the set-up is 
depicted in Figure 2.4. The integrating sphere has a diameter of 5 cm and two ports on the 
front (position A) and on the back side (position B), both of 1.3 cm diameter. This limits the 
area of each port to 2 % of the total surface of the sphere. The reflectivity of the walls is 
approximately 98 %. The total reflection is measured with a sample mounted on position B 
under a small angle in order to reflect the specular light into the sphere. When the sample is 
mounted perpendicular at position B the specular light is reflected straight out of the entrance 
port at position A and only the diffused part of the light is trapped inside the integrating 
sphere; the diffuse reflection (RD) is measured. Subtracting RD from RT gives the specular 
reflection RS. A flat reference mirror is used at position B under an angle in order to obtain a 
“100 %” reference signal before each sa
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sample, compared to the reference mirror, can be calculated from 1-RT. This gives the relative 
differences between the measured layers.   
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Figure 2.4: A schematic drawing of
A

Angular Resolved Scattering 
 

The angular resolved scattering (ARS) measurement is a set-up, built at Utrecht 
University that provides knowledge about the ars intensity of the reflected light on e.g. a 
(rough) Ag layer at variable angles from 180 to 90o, as depicted in Figure 2.5. A HeNe laser 
(632.8 nm) is used as a light source. The beam passes through a polarizing filter and a chopper 
and is directed under normal incidence onto the sample. A photodiode rotates with specifically 
set angular intervals from 180-90o around the center of the sample. The photocurrent of the 
photodiode is measured with a Keithley current measurement system. The complete 
measurement is computerized and measures in two runs the vertical and the horizontal 
polarization of the light. A rough Ag metal layer coated with a plastic coating spray is used as a 
reference for the laser light. In order to measure the specular reflected light at 180o the sample 
is turned under a small angle of 1o compared to normal incidence and the photodiode is 
position
aperture (2 mm diameter) is positioned in order to increase the angular resolution. The 
resolution is around 1o which results in resolving the independent speckle pattern of the laser 
beam. 
  As the feature sizes of the measured layers are in the same order of the wavelength we 
have to take into account that the scattering can be wavelength dependent. In a real solar cell 
the effective wavelength λeff that is reflected at the Ag layers is between 350-600 nm, which is 
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slightly less than the wavelength of the laser that is used. If the scattering is different at a 
smaller wavelength in this range and also dependent on the type of morphology used, the 
single-wavelength ARS measurement may induce errors due to variations in the wavelength 
dependence of the scattering intensity. In order to measure the scattering dependence at a 
wavelength within the preferred range (λeff = 450 nm) we used two liquids, water and glycerol, 
with a higher refractive index of 1.33 and 1.5 respectively, in front of the Ag layer. Also several 
samples have been measured with a monochromatic light beam over a wide wavelength range 
at the University if Barcelona. Both measurements indicated that the scattering intensity at 
angles larger than 30 o were not significantly dependent on the wavelength in the range 
between 400-633 nm.  

Polarizer Chopper 

Laser light 

Substrate 

Scattering angles  
+ photodiode track 

180 o 

90 o

-90 o

 
 
Figure 2.5: A schematic drawing of the angular resolved scattering set-up. The polarizer can be 

ositioned horizontally as well as vertically. The photodiode scans on one side of the scattering angles 

.4.2 Structural properties 
 

(XRD). The X-rays are diffracted at the crystal lattices and the intensity 
 measured as function of 2θ. θ is the angle between the surface of the sample and the 

incident beam ( -2θ configuration).  The interference peak in ensity ppears
llowing Bragg’s law: 

p
(180 – 90o). 
 
 
2

X-ray Diffraction (XRD) 
 

The crystal orientations of the ZnO:Al and Ag contact layers have been investigated 
with X-ray Diffraction 
is

θ t a  at specific angles 
fo
 
2 sd inθ λ=                              (2.4) 
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in which λ is the X-ray wavelength of the Kα
  

is λCu Kα
 = 0.15428 nm. d represents the distance between the crystal planes, which depends on 

e orientation (hkl) and can be calculated by: 

radiation from a copper anode. This wavelength

th
 

2 2 2

ad
h k l

=
+ +

                           (2.5) 

 
where a is the lattice constant. For the Ag fcc structure a = 0.409 nm. ZnO has a hexagonal 
symmetry and a Wurtzite structure and therefore has 2 lattice constants b and c as depicted in 
Figure 2.6. The lattice constants are b = 0.3249 nm and c = 0.5207 nm and are slightly 
dependent on stoichiometry. With each specific orientation (hkl) the value of a in Equation 2.5 
has to be calculated from the constants b and c. In this thesis we will describe several crystal 
orientat

(103) at 2θ = 62.8o. For Ag structures the 
orresponding peaks are: (111) at 2θ = 38.1o, (200) at 2θ = 44.2o, (220) at 2θ = 64.5o and (113) 

at 2θ = 77.4o. 
Grain sizes are estimated from the FWHM of the interferen e peak

nd calculated by use of the Scherrer formula: 
 

ions with corresponding peak angles. For ZnO layers these are: (002) at 2θ = 34.4o, 
(100) at 2θ = 31.8o, (110) at 2θ = 56.7o, 
c

c s at the angle 2θ 
a

0.9
(2 ) sin

d
FWHM

λ
θ θ

=
∗

                           (2.6) 
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igure 2.6: A schematic presentation of the structure of the hexagonal columnar ZnO grain. The 
the c-axis that is directed perpendicular to the surface. In the structure 

o lattice constants are defined (b,c). 
 

 
F
structure is symmetrical around 
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Atomic Force Microscopy 
 
 Atomic Force Microscopy measurements have been performed to examine the surface 
morphology of the different Ag structures on a 10 µm x 10 µm area. The measurements are all 
performed on virtually the same position on the different samples. From these data the root 
mean square (rms) roughness and the power spectral density (PSD) distribution are determined. 

 more detailed description on the AFM analysis is given in Chapter 6.3. The AFM set-up is a 
ents, Santa Barbara, CA) system equipped with E-scanner 

nd has been used in the tapping mode. 

.4.3 Electrical  properties 
 

t on 
e sheet resistance, a voltage V is measured between the middle two probes using a Keithley 

voltage measurem t s tem. mpar  to th  layer sistan , we c
of the contact and the wires of the system. The specific resistivity can be calculated from: 

A
Nanoscope(R) IIIa (Digital Instrum
a
  
2

Four point probe 
 

The specific resistivity of the TCO layer can be calculated by multiplying the sheet 
resistance R□ and the film thickness d. R□ can be obtained from a four-point probe 
measurement. Four probes aligned at fixed distances from each other are brought in contact 
with the TCO layer. A constant current J runs through the outer two probes and dependen
th

en ys Co ed e re ce an neglect the resistances 

 

ln 2
VR

d J
ρ π

= = ∗                                       (2.7) 

 

 
 four probes. The contact geometry and resistance do not play a role in the measurement. A 

complete description of the Van der Pauw method is discussed in [24]. The specific resistivity 
is dependent on the mobility, µ

Hall measurement 
 
Using the Van der Pauw-Hall measurement configuration, it is possible to measure the 

mobility µ and the carrier density n. On four edges of the TCO layer a small area is connected
to

e the carrier concentration, n and the electron charge, e: 
 
1

nn eµ
ρ

=                              (2.8) 
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2.5 Solar cell characterization 
 

ve current source (Jph). To this equivalent circuit, parallel (Rp) 
nd series (Rs) resistances have to be added to represent current leakage paths and resistances 

at the interfaces and contacts of the cell n th tal current densi
voltage (J(V)) can be written as: 

2.5.1. Solar simulator 
 

The electrical output of solar cells can be characterized by analysis of current density 
versus voltage (J-V) measurements. The J-V measurements are performed in the dark and 
under illumination of a calibrated AM1.5 spectrum (1000 W/m2) in an automated Wacom dual 
beam solar simulator. A Keithley 238 source provides the voltage and measures the current 
density by using a four-point probe configuration. A mask is used to define the illuminated 
area and avoid current collection from the sides. A solar cell can ideally be seen as a diode with 
a voltage-independent photoacti
a

. I is model the to ty behavior on the 
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igure 2.7: A typical light J-V curve of a µc-Si:H thin film solar cell produced in this research. The J  F sc

value is given at V = 0 mA/cm2. The Voc value is given at J= 0 V. The maximum power point Pmax 
indicates the maximum value of Jmpp∗Vmpp. 



Experimental techniques and concepts                                                                                 39 

 
J0 represents the dark saturation current, n the diode quality factor, k the Boltzmann’s constant, 
T the absolute temperature, e the elementary charge and V the applied voltage. It should be 
noted that Equation 2.9 is not valid for thin film solar cells in which the photocurrent is field-
dependent. Therefore, for the thin film silicon solar cells studied in this thesis, the equation 
strongly simplifies the real situation. The values of J0 and n can be derived form the dark 
measurements, as Jph = 0 in the dark. The diode quality factor n is 1 in the case of pure 
diffusion-type solar cells and 2 in the case of pure recombination-type solar cells. Rp and Rs can  
be calculated from the slopes from the light J-V measurements: 1/Rp ≈ dJ/dV|V=0, 1/Rs ≈ 
dJ/dV|J=0. As depicted in Figure 2.7, the other parameters that are derived from the light J-V 
measurements are: the open circuit voltage Voc (voltage at J = 0 mA/cm2), the short circuit 
urrent density Jsc (the current at V = 0 V), the fill factor FF (the ratio of the maximum power 

output JmppxVmpp and JscxVoc) and finally the conversion efficiency η of light energy into 
electrical energy: 

c

 

1.5

oc scV J FFη ∗ ∗
=     

AMP
                                  (2.10) 

 

the charge carriers. We used a reverse bias voltage of -1 V in order to 
vestigate the influence of the light trapping and minimize the influences of incomplete 

collection due to electrical losses. The ECE is the ratio of the externally collected electrons and 
incident photons. 

2.5.2 Spectral response 
 

External Collection Efficiency (ECE) measurements are performed to determine the 
current response of a solar cell at different wavelengths with a range of 350-1050 nm. The 
solar cell is illuminated with a chopped monochromatic light beam (AC) and the photocurrent 
Jph(λ) is measured with a lock-in amplifier. A DC white bias beam illuminates the solar cell in 
order to create a charge density distribution and mimic normal operating conditions. The 
response of the solar cell is often measured under short-circuit conditions (V = 0). However, 
by applying an external bias voltage the electric field in the cell can be changed. A negative bias 
voltage (reverse bias) will increase the electric field, which decreases the trapping and 
recombination of 
in
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where e is the electron charge, Jph the generated current density and φph the incident photon 

x. The total generated current density can be calculated by integrating the ECE(λ) with the flu
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AM1.5 photon flux over a specific range of the spectrum. This integration can be performed 
over di

-induced 
improvements. During and after 1000 h of light soaking the electrical output of the solar cells 
is measured. The long illumination will increase the free carrier concentration, which results in 
increased recombination. As the Steabler-Wronski effect is a recombination driven process 
more defects are created in the material and the solar cell parameters deteriorate [12]. 

 
 
 
 

fferent wavelength ranges. 
  
2.5.3 Light soaking 
 

The light-induced degradation of the solar cells is investigated by continuous exposure 
of the solar cells to light with a spectrum similar to the 100 mW/cm2 AM1.5 spectrum. The 
solar cells are kept at a controlled temperature of 50 oC in order to avoid annealing

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 

3 
Properties of sputtered  

TCO layers 
 
 
 
 

3.1 Introduction 
 

ZnO films with flat surfaces are highly useful in many fields in research and industry. 
ZnO can be deposited by a variety of techniques: RF magnetron sputtering [25], DC 
magnetron sputtering [26], spray pyrolysis [27] and chemical vapor deposition [28]. The 
electrical and optical properties depend on the deposition parameters used. A promising 
technique for deposition of high quality ZnO films is magnetron sputtering, which has as 
special advantage its scalability to large areas. For this research we used an RF magnetron 
sputtering system equipped with 7-inch targets in order to achieve high uniformity over a large 
area. The principles of magnetron sputtering and the technical details are described in    
Chapter 2. This chapter mainly focuses on the deposition and characterization of TCOs such 
as ZnO:Al (AZO) and ZnO:In (IZO) with a high uniformity on a medium size area of 10 cm x 
10 cm. A correlation between deposition parameters and film properties is investigated. The 
emphasis is laid on film properties that are relevant for thin film solar cell applications.  

41 
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In the recent years Al-doped ZnO films have gained much attention for TCO applications 
because of a high optical transmittance and low electrical resistivity. Additionally, ZnO TCOs 
have shown high apparent stability under hydrogen exposure in plasmas, which makes it even 
more interesting for thin film solar cell applications. Furthermore, the ability to create ZnO 
with textured surfaces even increases its attractiveness in this field. The present chapter can be 
divided into three parts. The first part discusses the optimization of the uniformity of ZnO:Al 
deposited with a ceramic ZnO:Al (1%) doped target. Furthermore, we will present a 
phenomenological description of the influence of different sputtering parameters on the film 
properties; such as the influence of oxygen addition to the sputter gas as well as the influence 
of the power and pressure on the electrical, optical and structural film properties. Finally, a 
temperature dependence on the film growth evolution is investigated in order to achieve high 
mobility layers and gain some insight in the factors limiting the mobility.  

The second part of this chapter discusses the optimal deposition parameters and layer 
properties of sputtered ZnO:Al TCOs as enhanced back reflectors in thin films silicon solar 
cells. The effect on light trapping due to a TCO back contact has also been observed by many 
other groups for superstrate as well as substrate type of solar cells. We will discuss the current 
enhancement enabled by the use of TCOs in back textured light trapping schemes with 
different morphology. Further, we will focus on the changes with different thickness of 
ZnO:Al layers on the solar cell properties. The observations give insight in the effect of the 
ZnO:Al on light scattering. 

The last part of this chapter discusses the electrical and structural dependence of the 
substrate temperature of ZnO:In films deposited with a ZnO/In2O3 (13%) target. In the 
literature it was found that these films could achieve high mobility [29, 30, 31]. We could only 
achieve moderate quality of electrical properties, showing that the crystal phase in which the 
material grows is important. 
 
 
3.2 ZnO:Al  properties 
 

In the following sections the electrical, optical and structural properties of aluminum 
doped ZnO:Al layers deposited by rf magnetron sputtering are described.  We explored the 
deposition parameter space of a large area 7-inch ceramic ZnO target with 1% aluminum 
doping in the multi-target magnetron sputtering system as described in Chapter 2.  The focus 
is laid on the thickness and electrical homogeneity of the TCO layer on a 10 cm x 10 cm glass 
substrate. The goal has been to obtain a ± 5 % thickness difference in maximum and 
minimum value over an area of an 8 cm diameter circle in combination with high transparency 
and a reasonably high conductivity so that the series resistance within several types of solar 
cells will not be influenced by the ZnO:Al bulk properties. 
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3.2.1 Uniformity 
 

The first series has been made with constant power and pressure. At 3 cm above the 
target a 9.5 cm diameter donut-shaped shield (for short donut) is placed with an inner hole 
diameter of 2.2 cm. This donut has been used in order to obtain a fast method to reach a 
homogeneous thickness profile. Figure 3.1 shows the target, the donut-shaped shield and an 
indication of the main particle trajectories of the sputtered species. Due to the magnetic field 
dispersion from under the target, the electrons from the discharge are confined in front of the  

 Target – Substrate 
distance 

165 mm 

 Shield 

Substrate 

Particle trajectories 

Race track on target 

115 mm 

80 mm 

 
Figure 3.1: The race track on the target (lower ring), the main trajectory of the sputtered particles (in 
between the arrows) and the donut-shaped shield (upper ring). The film thickness profiles will depend on 
the target to substrate distance indicated with 80, 115 and 165 mm. 

 
target in a ring shape. This causes a non-uniform erosion of the target. Experimentally, we 
found that this erosion ring is positioned at a 5 cm radius from the middle of the target. The 
width size of the erosion ring is 3 cm. Due to this non uniform sputtering the main trajectory 
of the particles that contribute to the film growth can be drawn in a cone shape from this 
position. Due to the donut this cone is blocked as depicted in Figure 3.1. With this 
configuration, at a certain height, good thickness homogeneity is expected on the substrate.  
The thickness profiles of three different target-to-substrate distances (80, 115, 165 mm) are 
shown in Figure 3.2 (both power and pressure are constant). The deposition time has been 
adjusted to obtain an average film thickness around 300 nm. The thickness is estimated by 
reflection/transmission measurements as described in Chapter 2. At 21 positions on a 10 cm x 
10 cm area, the thickness is measured. As expected the profile changes from a concave to a 
convex shape with increasing height. Relative differences between maximum and minimum of 
all 21 points were compared with the thickness value in the centre (Dt = (tmax - tmin)/tmid) and 
amount to 34 %, 22 % and 27 % respectively.  
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With varying pressure and power the potential of the discharge between the target and 
substrate will change. Due to this the plasma density and distribution in front of the substrate 
will be altered. This will give rise to differences in the thickness profiles and the homogeneity, 
which are analyzed in the next series with a fixed target-to-substrate distance of 125 mm. The 
power is changed from 250, 400 and 550 W (1.0 - 1.6 - 2.1 W/cm2 ) in combination with a 
pressure of 2, 5, 10 and 20 µbar. No clear changes in thickness profile are visible with 
increasing power. With increasing pressure the surface profile changes to convex shapes; with 
an increasing area of high uniformity in the middle, the thickness difference to the edges, 
however, increases simultaneously. Best thickness uniformity values of ∆t = 15 % are obtained 
for 2 different sample parameters. 1) 125 mm, 250 W, 1 µbar and 2) 80 mm, 400 W, 10 µbar. 
For the latter one we also observed a low resistivity value of 6.5 10-4 Ωcm in the centre for a 
layer with a thickness of tmid = 230 nm. For all these above mentioned samples no oxygen was 
added in the gas phase.  
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Figure 3.2: The thickness profiles of three different target to substrate distances (a) 80, (b) 115, (c) 165 
mm. The positions of the profiles are indicated in Figure 3.1. With increasing target to substrate distance 
the profile changes from a concave to a convex shape. 
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Figure 3.3: Top view of the thickness (a) and resistivity (b) profiles on a 10 cm x 10 cm area. The 8 cm 
diameter circle (dashed line) shows less than 10 % thickness difference between the maximum and 
minimum value. 
 

Upon removing the donut the deposition rate doubles, as will be described in further 
detail in the next paragraph. However, the uniformity over the 10 cm x 10 cm area decreased. 
With changing power (300 W), pressure (3 µbar) and distance (125 mm) a good uniformity is 
obtained within the specifications. On the area of the 8 cm diameter circle Dt = 10 %, the area 
of a 9 cm circle gives Dt = 14 %, on the 10 cm x 10 cm area Dt = 28 %. An average resistivity 
value of 2.7 * 10-4 Ωcm within the 8 cm circle for a layer thickness with tmid of 95 nm is 
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measured. This value is obtained with 0.1 % oxygen dilution in the gas supply. Figure 3.3 
shows both thickness and resistivity uniformity of this layer. 
 
3.2.2 Deposition rate 
 
 The deposition rate rd is determined by the energy of the ions at the sputtered target. It 
has been shown for rf sputtering that rd is proportional to the discharge power with a certain 
threshold energy that corresponds to the sublimation energy of the target material (7.6 eV for 
ZnO) [32]. Furthermore, it has been shown that the discharge voltage is dependent on the 
pressure and decreases with increases pressure. In accordance with the decreased discharge 
voltage the deposition rate will also decrease. For the above mentioned series with pressures 
between 1 – 10 µbar and a power density of 1.0 - 1.6 - 2.1 - 2.7 W/cm2 the deposition rate has 
been determined in the centre point of the substrate. Figure 3.4 shows a 3 dimensional plot of 
power and pressure versus rd. The observations agree with the expectations. With an increased 
power density, from 1.0 to 2.7 W/cm2, rd is almost quadrupled. Increasing the pressure indeed 
shows a decrease in rd.  Removing the donut doubles the deposition rate. Figure 3.5 shows the 
target-to-substrate distance dependence on rd at a constant power (250 W) and pressure (2 
µbar). A quadratic behavior is observed, which is expected because the effective area on a 
spherical distribution of sputtered species will decrease quadratically with increased radius.  
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Figure 3.4: The power and pressure dependence on rd. The deposition rate is increased with increasing 
power and decreasing pressure. The data is obtained with use of the donut-shaped shield. 
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Figure 3.5: The target to distance dependence on rd at a constant power (250 W) and pressure (2 µbar). 
 
3.2.3 Oxygen series 
 

When using a metallic Zinc target for sputtering of ZnO layers, oxygen is inserted into 
the Argon gas in order to react with the sputtered Zn particles. This method is also called 
reactive sputtering. With increasing oxygen pressure a complete transition from metallic to 
highly oxidized state can be obtained. During this transition the layer becomes transparent and 
gets a higher resistance. In our case we use a highly pure 99.99% ZnO:Al (1%) ceramic target. 
We do not need any oxygen in the gas phase in order to obtain highly transparent layers. 
However, the use of a very small amount of oxygen in the gas atmosphere is desirable in order 
to obtain a stable reproducible target surface during sputtering over a long period of time. 
Because the Zn and O atoms in the ceramic target have different weights the sputtering 
probability is different. Therefore it can be expected that during a period of time the oxygen is 
preferentially sputtered and the composition of the target surface is changing gradually. This 
compositional change can be avoided by “contaminating” the target surface with oxygen, 
which is achieved by using a small amount of oxygen into the gas phase. This contamination 
can be done with a pre-sputter method before every deposition, or during deposition. In the 
latter case care should be taken that the included oxygen does not affect the electrical 
properties. The next series has been deposited with constant power, pressure and target-
substrate distance. With use of a 2 % oxygen diluted Ar gas bottle and a pure Ar gas bottle, the 
oxygen concentration in the process chamber has been varied from 0 to 2 %.  
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Figure 3.6: The resistivity dependence of ZnO:Al layers deposited with varying addition of oxygen in 
the gas phase. The layers are deposited at a thickness of 100nm (squares) and 250 nm (triangles). 
Increased oxygen concentration gives increased resistivity. 
 

Figure 3.6 shows the resistivity dependence of layers with two different thicknesses 
(100 and 250 nm) for an oxygen dilution range up to 2 %. As can be seen the resistivity 
increases with increasing concentration of oxygen. Above 0.6 % the value of ρ exceeds to 
values of 3*10-3 Ωcm for 250 nm thick layers, which are unsuitable for solar cell front TCO 
applications. As can be seen, for thin layers and oxygen concentration of 0.1 % there are no 
significant changes to the layers properties. The increased resisitvity can be attributed to the 
complete oxidation of Zinc to ZnO, aluminum to AlOx and filling of the oxygen vacancies [32, 
33, 34]. Due to this oxidation, the two different doping mechanisms: 1) intrinsic defects due to 
oxygen vacancies and, 2) extrinsic dopants like Al, are eliminated. The Hall measurements in 
Figure 3.7 give a broader understanding of the mobility (µ) and carrier density (n) behavior. 
Both values decrease with increasing oxygen concentration. For oxygen concentrations above 
0.6 % the carrier concentration decreases by more than two orders of magnitude. This is a 
clear contribution of the oxidization of the doping mechanisms. The observed decrease in the 
mobility could be explained by the loss in carrier concentration. The boundaries between the 
grains act as a potential barrier for conduction and limit the mobility. A high concentration of 
carriers in the grain boundaries lowers the potential barrier, by which the mobility increases. 
Lower carrier concentration can therefore lead to lower mobility values [35]. This correlation is 
more effective with a high density of grain boundaries. This is believed to be the case in the 
presented layers as will be discussed in the next Sections (3.2.4, 3.2.5). 
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Figure 3.7: From Hall measurements both the mobility (µ) and carrier density (n) show decreased values 
with increasing oxygen addition into the gas phase during deposition. 
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Figure 3.8: The band gap widening is observed in a shift of the absorption edge to longer wavelength 
values with increasing oxygen concentration in the gas phase.  

 
As is generally known an increased carrier concentration can give increased absorption 

in the long wavelength region due to free electron gas absorption. The absorption calculated 
from reflection/transmission data on the thin 250 nm layers only show < 0.15 % (± 0.1 %) 
absorption at a wavelength of 700 nm. The sample without oxygen dilution and a high n of 4.0 
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1020 cm-3 indeed shows a slight increase in absorption to 0.60 % (+/- 0.1 %). More clearly 
visible is the Burstein-Moss shift due to band-gap widening with high carrier densities [20]. 
Figure 3.8 shows the band-gap position as measured from transmission data. The shift is very 
pronounced in the oxygen series. A high concentration of oxygen, which coincides with a very 
low electron density, shifts the absorption edge to higher wavelength values. The observed 
shift compared to the undiluted sample is 0.32 and 0.43 eV +/- 0.05 eV for the 0.6 and 2 % 
dilution respectively. The calculated energy shift is 0.51 and 1.18 eV. The difference can be 
attributed to the compensating effect of band gap narrowing, due to increased scattering at 
ionized impurities [36]. 
 
3.2.4 Parameter space 
 

Electrical, structural and optical analysis has been performed on a series of ZnO:Al 
layers with a layer thickness around 250 nm,  deposited with 0.1% oxygen addition in the gas 
phase.  Figure 3.9 shows pressure dependence on the average resistivity calculated from the 
middle ten points of the sample with the power as a parameter. The lines are guides to the eye. 
Because the power density is only changing from 1.0 to 2.1 W/cm2, the observed differences 
with power are small compared to the 2 orders of magnitude that are observed with changing 
pressure. For all power densities a maximum resistivity is observed at deposition pressures 
between 10-20 µbar. The increase in resistivity from low to medium pressures coincides with a 
decrease in carrier concentration and mobility. A decrease in n value with increasing pressure 
can be expected due to the increased oxygen partial pressure and therefore increased oxidation 
of the Al dopants and the oxygen vacancies in the layer. The increase could also be explained 
by arrival of a lower flux of Al dopants to the layer at higher pressures. The question arises if 
the Al dopants are not arriving at all or if the increased gas phase reactions at higher pressure 
oxidize the Al in the plasma bulk, due to which it is arriving as AlOx and not adding to the 
doping concentration. Elastic Recoil Detection (ERD) measurements on the three lower 
pressure samples (2-10 µbar) reveal a constant Al/O contribution between 0.43 to 0.49 ± 0.04 
% with increasing pressure. From this it can be concluded that actually neither less Al nor 
more AlOx is arriving at the layer. Either the loss in carrier concentration and mobility have to 
be explained by structural changes or we have to conclude from the ERD measurements that 
both more Al and O are arriving at the sample, due to which the fraction stays approximately 
constant. This means the oxygen vacancies are filled while more Al is added as extrinsic 
dopant. The two doping effects are compensating each other, while the intrinsic doping has 
the overhand. The small Al concentration in the sample indeed indicates the conductivity is 
probably more related to the oxygen vacancies. The sample at a pressure of 40 µbar on the 
other hand clearly shows an Al/O increase to 0.80 ± 0.04 %, This in combination with the 
slight increase in carrier concentration explains the improved resistivity value, as clearly more 
Al is added to the sample as extrinsic dopant. 
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Figure 3.9: The variation of the average resistivity calculated from the middle ten points of the sample at 
different pressures and power density. The lines are guides to the eye. A maximum in resistivity is 
observed between 10 and 20 µbar independent of power density.  
 

Can the resistivity up to 20 µbar be explained by changes in the structure. As it is 
expected that at higher pressure the bombardment at the surface is smaller, this is related to a 
smaller damage of the impinging species on the surface. This smaller damage might induce 
fewer defects that act as intrinsic dopants. The amount of damage can be indicated by the grain 
sizes of the ZnO:Al structure. The largest grain size of 21 nm is observed for the high pressure 
sample only (40 µbar). The grain sizes for the lower pressures did not exceed 18.5 nm (Figure 
3.10). For the layers at higher power density the grain sizes eventually dropped to only 12 nm. 
These small sizes indeed indicate a high energetic bombardment on the surface and a defect 
rich material can be assumed.  

Measurements on mobility and carrier concentration revealed a clear decrease for both 
values with higher pressures. Furthermore, it is observed that the carrier concentration is 
inversely proportional to the resistivity (not depicted), which is in agreement with the theory of 
ionized impurity scattering [37,38] and has been observed in the literature on a wide range of 
differently doped ZnO layers deposited with magnetron sputtering [32]. In our case a 
correlation between mobility and carrier concentration has been observed, which is not the 
case in the literature. This contradiction might be related to the differences observed in the 
grain sizes; this series (12-21 nm) compared to the literature data commonly reported (20-40 
nm) [32, 39, 40, 41]. Therefore, it can be concluded that in our case the films have a higher 
amount of grain boundaries, which likely limit the mobility. As mentioned before; increased 
carrier concentration decreases the potential barrier between the boundaries and increases the 
mobility [35]. Conclusive; due to the small grain sizes the carrier concentration and  mobility  
can be correlated in our case. From the literature, it is observed that a high mobility can also be 
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reached at a low carrier concentration. This situation is favored for highly transparent 
conducting TCO layers, because the parasitic high wavelength absorption by the free carriers 
can thus be avoided.  A method to increase the grain sizes of the ZnO:Al layers is, apart from 
increasing the pressure, to deposit at increased substrate temperatures as is shown in literature 
[41,42]. 
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Figure 3.10: The (002) grains size (circles) and (002) peak position (squares) of the ZnO:Al layer at 
1W/cm2 are shown dependent on the pressure. The (002) peak position is an indication of the amount of 
compressive stress. The lowest compressive stress is observed at a pressure of 10 µbar. The grain size 
shows a slight increase at 40 µbar. 

 
Values up to 50-60 cm2/Vs have been reported for different types of high mobility 

ZnO layers [43]. Aluminum doped layers show maximum values of 34-39 cm2/Vs [44, 45, 46]. 
The theoretical limit is calculated to be 90 cm2/Vs. We report a highest obtained value of 23 
cm2/Vs for a +/- 250 nm layer deposited at 2 µbar and 2.1 W/cm2. This value is lower than 
the best observed layers. This is partly due to the low Al doping in the ceramic target; in order 
to reach high transparency, only 1 wt % Al doping has been used. The lowest resistivity 
obtained in the series is 2.2 10-3 Ωcm for a ± 250 nm layer at 13.0 nm/min, which is more than 
1 order difference from the highest reported value of 1.4 10-4 Ωcm, for a layer thickness 
around 360-680 nm. However, this layer is deposited at an order of magnitude lower 
deposition rate of 1.2 nm/min [46]. In the paper Igasaki reports about the influence of stress 
due to high deposition rate and temperature. Therefore, we performed structural analysis on 
our series. We did not observe a clear shift in (002) peak position when the power is decreased 
to obtain a lower deposition rate down to 4 nm/min at Tsub of 90oC, indicating that the stress 
in the layers is not changing. However, as can be observed in Figure 3.10 increasing the 

 



54                                                                                       Properties of sputtered TCO layers      

pressure does show a shift in the position of the (002) peak to higher 2θ angles with values up 
to 34.38 ± 0.02 o, indicating changes in stress. The error values in the figure indicate the 
coincidental error. A systematic error of ± 0.1 o should be taken into account for the absolute 
value that is given. Additionally, the calculated lattice distance decreases from 2.616 Å to 2.606 
± 0.002 Å. Because the 2θ peak position of bulk ZnO is positioned at 34.42 [47] and the ZnO 
bulk lattice has a value of 2.603 Å [39], the observed shift with increasing pressures is related to 
a decrease in compressive stress of the crystallographic structure [46]. This effect is also 
observed by Kappertz et al. They conclude that the decreased stress is induced by the lower 
energetic ion bombardment. The high energetic bombardment is mainly ascribed to the 
negative oxygen ions sputtered from the target [48].  A lower energetic ion bombardment gives 
less implantation of atoms into the layer and less damage to the crystal structure. Furthermore, 
with increasing pressure the deposition rate decreases. As mentioned above, Igasaki et al. 
correlate the lower stress to a lower deposition rate. From this point of view the combination 
of the lower ion bombardment and lower deposition rates allows dislocations to be formed 
near the surface and thereby releases the internal stress in the ZnO:Al layer [46]. Finally, we 
can not rule out an increased oxidization and incorporation of more AlOx species into the 
layer, which is speculated to play a role in releasing the internal stress.  

Commonly reported in the literature the lower mechanical stress leads to an 
improvement in the electrical properties like the mobility. However, the series presented in this 
section shows an opposite behavior as the resistivity increases above 1.0 10-2 Ωcm with 
decreasing mobility in combination with a decrease in compressive stress. Therefore we 
conclude that the influence of the decreased doping efficiency at higher pressures is 
dominating the electrical properties above the influence of the stress evolution. 
 
3.2.5 Evolution of film properties 
 

The mobility is closely related to the macroscopic imperfections such as grain 
boundaries, internal stress and surface roughness. Therefore, it strongly depends on the film 
thickness and we investigated in the next series the evolution of the film properties with film 
thickness. For smooth layers the mobility value of the carrier increases with increasing 
thickness and has been shown to saturate above a thickness of 300 nm [46]. As discussed in 
the previous section, we speculated that in our case the mobility is limited by the small grain 
sizes (high density of grain boundaries), because it is correlated to the carrier concentration. 
The density of the grain boundaries can be decreased by larger grain sizes. As is known from 
the literature the structural properties, like grain size, are dependent on substrate temperature 
and ion bombardment [40, 41, 42, 49 50]. Therefore, we expand the film evolution series to 
four different substrate temperature settings as depicted in Figure 3.11. The layers are 
deposited at 3 µbar, 300 W (1.2 W/cm2) and 125 mm target to substrate distance with 0.1 % 
oxygen concentration mixed in the gas supply. The grain sizes increase from 18 to 25 nm with 
increasing layer thickness from 250 – 1000 nm. Furthermore, apart from the layers with the 
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highest Tsub the value of the mobility tends to saturate to a maximum of 24 cm2/Vs for 
thicknesses above 300 nm, as in agreement with the literature. The saturation is also visible for 
the carrier concentration and the resisitivity. The lowest resistivity value obtained is 6.0*10-4 
Ωcm for the 1000 nm thick layer at Tsub of 90 oC. The divergent behavior of the high 
temperature setting might be due an increasing surface roughness at higher temperatures and 
high thicknesses. The apparent roughness is actually observed visually on these samples by a 
hazy reflection. Furthermore, we conclude that the high temperatures did not increase the 
mobility as one would expect, on the contrary, it even decreased.  
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Figure 3.11: The evolution of the mobility with increasing film thickness at four different substrate 
temperatures. The mobility value saturates at a thickness above 300 nm for the lowest three Tsub  layers. 
 

Figure 3.12 shows the behavior of the mobility and the (002) peak position shift as a 
function of Tsub for layers with a thickness around 500 nm. The mobility decreases linearly with 
increasing Tsub. A similar decrease at temperatures above 150oC is observed by Hong et al. 
They also see a slight decrease in carrier concentration from 6 to 2*1020 cm-3, which they 
ascribe to the loss in mobility [42, 50]. However, in our series the carrier concentration 
remained almost constant for all samples and scatters between 3.0 - 3.8*1020 cm-3. Further 
ERD data showed that the Al/O concentration ratio is slightly increasing up to 200 oC around 
0.63-0.73 ± 0.04 %. The layer deposited at 270 oC showed a higher increase in concentration 
of around 0.87 ± 0.04 %. Because the carrier concentration is kept constant we conclude that 
the doping mechanisms are compensating each other equally. The XRD data revealed that also 
the grain size did not change significantly at a value of 21.1 +/- 0.4 nm and the (002) peak 
intensities scatter between 560-1070 a.u.. Only the sample with Tsub = 200oC showed some 
divergent behavior with a very high peak intensity of 2240 a.u. and further a slightly increased 
grain size to 22.8 +/- 0.04 nm, which reveals a higher crystallinity. However, the sample did 
not show large differences in electron properties. Analyzing the (002) peak position and lattice 
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spacing we observe a shift to higher angles, as shown in Figure 3.12, and a smaller lattice 
spacing from 2.617 to 2.596 ± 0.002 Å. The bulk values of ZnO reported in the literature are: 
2θ = 34.43 o and d(002) = 2.603 Å [46, 47]. Taking into account a systematic error of ± 0.1 o 
the trend depicted in the figure indicates that the internal stress of the film changes with 
increasing temperature from large compressive stress towards the bulk value, within the 
systematic error. This change is also observed by Igasaki et al [51].  

Further inspection of the XRD data showed that both samples with Tsub = 90 oC and 
170 oC showed additional ZnO diffraction peaks positioned at a 2θ values around 36.0 +/-   
0.1 o and 67.7o +/- 0.1o. This can be contributed to the (101) and (201) crystal orientations. 
This indicates that these samples show a mixed crystalline phase with different orientations and 
therefore have more grain boundaries. The sample at Tsub = 170 oC shows the lowest 
(002)/((101)]+(002)) ratio of 85 % compared to 89% for the low temperature sample. Both 
high temperature samples show a single (002) peak and as already discussed the 200 oC sample 
shows the highest crystallinity and largest grain size. This indicates that between Tsub 170 and 
200 oC a complete change in structure to a single polycrystalline phase takes place. This phase 
change, however, does not have influence on the electrical properties, which are therefore 
likely still doping related. However, as mentioned above, the carrier concentration is constant. 
Because there is no significant difference in grain size with increasing temperature, we could 
speculatively conclude that the grain sizes are limited by high energetic ion bombardment.  
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Figure 3.12: The mobility and (002) peak position show an opposite behavior on Tsub. The stress is 
decreased at higher substrate temperatures in combination with a decreased mobility. 

 
Finally, we conclude that the decrease in mobility with increasing temperature can not 

be explained by either change in carrier concentration, change in grain size or structure nor by 
a decrease in stress (the mobility even shows an opposite behavior to the stress to what is 
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reported in the literature). All these samples show an increased mobility with increasing 
compressive stress in contradiction with what is believed in the literature. Therefore a 
reasonable explanation for the decreased mobility has not been found. We speculate that if the 
Al doping is the dominant factor for doping at higher temperatures [41] and the two doping 
mechanisms are compensating each other, as is indicated by the ERD data, than the structural 
changes in defects do not have to change the carrier concentration. If we suspect a decreased 
concentration of defects on the grain boundaries, which could be expected at higher 
temperatures, this can influence the mobility negatively and stress positively.  

 
 

3.3 ZnO:Al in solar cells 
 

The following sections will discuss the use of our sputtered ZnO:Al TCO as enhanced 
back reflector in thin film silicon solar cells. We will present the optimal optical properties and 
argue on the electrical requirements of the ZnO:Al as enhanced back reflectors. Finally, we will 
discuss the main reasons for the use of ZnO:Al layers as enhanced back reflectors and present 
that there are differences in effectiveness depending on the surface morphology of the 
reflecting back contact. Our goal was to gain more insight in the exact working principle of the 
current enhancement enabled by the use of TCOs in back textured light trapping schemes. 
 
3.3.1 Optical requirements 
 

In thin film solar cells specific values of the refractive index and absorption coefficient 
of the ZnO:Al layers are required for optimal use of the TCO. In order to determine the n and 
k values of the ZnO:Al layers with high thickness homogeneity we deposited different 
thicknesses of layers and analyzed them optically by reflection/transmission measurements. 
For several different thicknesses the absorption, A = (1-R-T) is calculated and the n and k 
values are determined by Optics 2 (Chapter 2). Optics 2 iteratively gives all possible solutions 
of n and k values starting from Fresnel equations. By discarding all physical irrelevant 
solutions, the real n and k values as function of wavelength are obtained. Figure 3.13 gives the 
n values for 100, 200 and 520 nm thick ZnO:Al layers. As can be seen the refractive index 
gradually decreases with increasing thickness in the high wavelength region. n at λ800nm is in the 
range from 1.87 to 1.78. Values in the literature report between 1.85-1.90 for ZnO:Al. Optimal 
values for front TCO layers with minimized reflection properties on solar cells can be 
calculated by the following formula: 
 

2
/ : /TCO glass air a Si H c Si Hn n n µ− −= ∗ :                                           (3.1) 

 
In the case of glass/TCO/p-i-n a-Si:H or µc-Si solar cells and n-i-p/TCO/air a-Si or µc-Si 
solar cells, optimal values of n are respectively; 2.4 or 2.3 and 2.0 or 1.9.  
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Figure 3.13: The refractive index values n(λ) for different layer thicknesses of 100 nm (solid), 200 nm 
(dotted) and 520 nm (dashed). n at λ800nm is in the range from 1.87 to 1.78. 

 
In order to avoid loss of the sunlight in the ZnO:Al layer the absorption is required to 

be minimal. Figure 3.14 shows an increase in absorption with increasing thickness. This is 
presented in a decrease of R+T at larger thicknesses. By fitting of I(d) = Ioe-α d , the absorption 
coefficient α at 800 nm is determined to be 308 +/- 12 cm-1, which gives reasonably low 
absorption. Therefore, the layers are optically suitable for front TCOs for solar cells. However, 
the high lateral resistivity values as reported in the previous section for these thin layers are 
likely to give parasitic resistance if the layers are used for front TCO. In this case a sheet 
resistances above 10 Ω/Ñ will be visible as a higher Rs

  [52]. For the layers presented in this 
research this low value is only obtained for films > 500 nm. 
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Figure 3.14: The relative absorption fraction R+T for ZnO:Al layers versus the thickness at a 800 nm 
wavelength. The absorption coefficient α at 800 nm is determined to be 308 +/- 12 cm-1. 
 
3.3.2 Electrical requirements 
 

As mentioned above for the use of front TCOs a low sheet resistance is required in 
order to avoid resistance losses in the ZnO:Al layer. Another important application for TCOs 
for light trapping in thin film silicon solar cells is the enhanced back reflector. This reflector 
consists of a λeff/4 thick layer in combination with a highly reflecting metal, like Ag as a back 
contact. As the Ag back contact dominates the lateral conductivity a higher sheet resistance of 
the TCO layer is allowed. Following equation 3.2, we can also calculate the power loss due to 
the ZnO:Al resistance used as a back reflector [52].  
 

3 21
3

P R w J∆ = l                                             (3.2) 

 
Here w, is the width of the solar cell, l the length, RÑ the sheet resistance, J the current density 
and the thickness of the TCO layer. In theory for a p-i-n/ZnO:Al(100 nm)/Ag a-Si solar cells with 
an area of 4x4 mm2 only very high sheet resistances above 40000 Ω/Ñ  become visible in Rs 
and FF. In this case the resistance is actually determined by the vertical conductivity through 
the polycrystalline ZnO:Al structure and not the lateral sheet resistance. Likely, the lateral 
defects at the grain boundaries control this vertical conduction. It is expected that if the 
structure shows polycrystalline grains high vertical conductivity values are obtained. 
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 In order to study the effect of the electrical properties of the ZnO:Al layer, we 
deposited superstrate a-Si:H p-i-n solar cells with an Asahi u-type front TCO with a series of 
100 nm ZnO:Al back reflectors with increased sheet resitance. Table 3.1 shows the J-V 
parameters for a cell with and without ZnO:Al back reflector (RÑ = 160 ± 50 Ω/Ñ ) . With this 
back reflector we realized high efficiency a-Si:H solar cells, with increased Jsc around 1 
mA/cm2. This increased Jsc is expected due to the enhanced reflection properties, which can be 
related to for instance constructive interference. Several other explanations will be discussed in 
Section 3.3.3. Additionally, it can be seen that there is no effect on the series resistance due to 
the ZnO:Al. On the contrary, an improved Rs value is seen. 

With increasing the pressure from 2, 5 to 10 µbar we increased the sheet resistance of 
the 100 nm ZnO:Al layer from 160 to 800 ± 50 Ω/Ñ. The high pressure layers have been 
shown to have a low doping efficiency, however, the crystalline structure was still intact as 
grain sizes were unchanged and the (001) orientation was still preferred. Therefore the vertical 
conductivity is expected not to be changed drastically. The solar cells indeed did not show an 
increase in Rs with the increased ZnO:Al sheet resistance. On the contrary, surprisingly the Rs 
showed even 30 to 40 % lower Rs values for the 5 and 10 µbar samples respectively. This could 
be a result of the lower energetic ion bombardment on the n-layer during ZnO:Al deposition 
and an improved contact. Also the lower stress that was observed in these high pressure layers 
as presented in the previous Section 3.2.5 could be responsible for the better contact 
connection with the n-layer.  

Conclusive, for ZnO:Al layers used as enhanced back reflectors with a metal back 
contact, the requirements of a low sheet resistance are less strict . Even more, the data show 
that likely the sputtering conditions or the connection of the n-layer/TCO contact are of more 
influence. For n-i-p deposited solar cells with Ag/ZnO:Al back reflectors no limitations on the 
sputtering conditions are expected.  
  
Table 3.1: The J-V parameters for a cell with an without ZnO:Al back reflector (RÑ = 160 ± 50 Ω/Ñ ). 
 
 Efficiency (%) Jsc (mA/cm2) Voc (V) FF Rs (Ωcm2) 

No back reflector 9.4 15.6 0.85 0.71 4.7 
100 nm ZnO:Al 
back reflector 

10.0 16.4 0.85 0.71 3.9 

 
3.3.3 ZnO:Al for light trapping 
 
 A highly reflective (rough) back contact, like Ag is always used in combination with a 
ZnO:Al TCO for the use of enhanced light trapping back reflectors. The use of a ZnO TCO is 
commonly accounted to two effects. First, the ZnO can act as a diffusion barrier for Ag, which 
increases the yield of the solar cells. This is based on the fact that in most cases an increased 
shunting is seen in solar cells with µc-Si layers grown directly on bare Ag contacts, commonly 
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at deposition temperatures around 250 oC. This is a temperature at which Ag can diffuse 
through the silicon layers. Secondly, the TCO can act as an enhanced reflection coating; due to 
interference if thin layers are used, or due to scattering on the surface and in the TCO layer on 
the crystal grains, if thick polycrystalline layers are used [53]. These two explanations for the 
enhanced light reflection are based on the fact that the use of a TCO layer always shows 
enhanced current generation in all type of thin film solar cells. Theoretically, it can be 
explained by considering that an λeff/4 thick TCO layer will constructively interfere and 
thereby increase the reflection. This effect should become less significant for thick ZnO TCOs 
or for ZnO on rough Ag layers. However, also in these last two particular cases, an increased 
current generation is seen compared to uncoated Ag layers. Banjeree et al observed no 
decrease in Jsc value with thicker polycrystalline ZnO on textured Ag layers, and hence, they 
concluded that a ZnO TCO also gives scattering at its crystal grains. 
 In this section we want to speculate on two other reasons for the current enhancement 
in µc-Si solar cell due to the ZnO TCO. Both reasons are related to the effect that the ZnO:Al 
TCO converts the λeff of the light to larger values than the λeff of the silicon i-layer. We 
consider that this conversion leads to 1) a better matching of the wavelength to the size of the 
scattering features on the reflecting Ag surface and therefore enhanced scattering, 2) a 
decreased plasmon absorption on the Ag surface. Some of the results that led to the 
consideration of these two effects will be introduced in this section. Chapter 6 and 7 will 
discuss in more detail the scattering effects of the Ag surface and the plasmon absorption and 
will provide a more complete picture and prove for these considerations.  
 
Table 3.2: The J-V parameters measured with a mask and averaged over the three best cells positioned 
on the same location. The thickness of the ZnO:Al layers has been varied from 0, 100, 230, 460 nm 
deposited on Ag layers with 80 nm rms roughness. 
 

ZnO:Al back reflector  
thickness ( nm) 

Efficiency (%) Jsc (mA/cm2) Voc (V) FF 

0 5.9 19.3 0.49 0.62 
100  6.7 21.9 0.49 0.62 
230 6.7 21.9 0.49 0.62 
460 6.7 22.0 0.49 0.62 

 
 
 We deposited 400, 700, 1000, and 1500 nm thick ZnO:Al layers on top of a rough Ag 
sample ( rms roughness > 120 nm ) and used these back reflectors in solar cells with a 1.5 µm 
µc-Si i-layer. The different back reflectors did not show significant differences in photo 
generated current. Additionally, the thickness of the ZnO:Al layers has been varied from  0, 
100, 230, 460 nm  deposited on  Ag layers  with  80 nm rms  roughness.  Again, no clear 
differences in the photo generated current are seen (Table 3.2). The Jsc value of the solar cell 
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without ZnO:Al is lower by around 1.7 mA/cm2. Conclusive, for both series the ZnO:Al layers 
give enhanced current generation. We consider that the current generation is not due to the 
constructive interference, when the Ag surface is fairly rough and no decrease in the current is 
seen when the ZnO:Al layer thickness is increased above 100 nm, which will not be optimal 
for interference. Additionally, if we assume that the reflection only occurs at the Ag contact, 
there should be increased light absorption in the thicker ZnO:Al layers as discussed in Section 
3.3.1.  Therefore, some current loss is expected with thicker ZnO:Al. Because this loss appears 
to be absent or at least suppressed we can support the conclusion of Banjeree et al. [53] that 
the light scattering might occur at the ZnO crystal sites.  
 However, the trend we have just depicted turned out to be not a general case for a 
wide range of Ag roughness. This can be concluded from the following series. Figure 3.15 
shows the dependence of the current in solar cells on Tsub of Ag deposition and rms roughness. 
The ZnO:Al back TCO has  a single polycrystalline ZnO phase and is deposited at Tsub = 
240oC. The squares represent 500 nm thick ZnO:Al layers, whereas, the circles represent the 
1500 nm thick ZnO:Al layers. The data confirmed what we have shown above that for large 
rms roughness both thicknesses do not show significant changes. Moreover, for low rms 
roughness the same behavior is seen. However, in the middle rms roughness range, the 500 nm 
layers show more than 17 % current enhancement compared to the 1500 nm layers. This 
difference is larger than the increase that can be expected due to a decreased absorption in the 
ZnO layer, which is calculated by R/T measurements to be around ± 8-10 %.  
 From these observations we conclude that depending on the bottom Ag roughness, the 
light scattering on the ZnO:Al crystals can either be dominant or overruled by the scattering 
on the Ag/ZnO:Al interface. Taking into account the conclusions from Chapter 6; both 
vertical and lateral size of the Ag surface should be optimized for the effective wavelength. We 
conclude from Figure 3.15 that if the feature sizes of the Ag layer are not matched with λeff 
(this is the case for too small or too large rms roughness) the scattering at the ZnO:Al crystals 
is dominant because there is no thickness dependence. However, when λeff is better matched 
for scattering at the Ag/ZnO:Al interface, this scattering is acting as the dominant factor. 
Therefore, we consider that a third function of light enhanced current generation of the TCO 
layers is the conversion to a better matched λeff with the light scattering features on the back 
contact. In this case one would expect that thinner ZnO:Al layers will give less absorption and 
are favorable for light scattering as long as the ZnO:Al is thick enough to change the 
wavelength from the silicon i-layer effectively. However, Table 3.2 shows with intermediate (80 
nm) rms that there is no significant difference between 100 and 460 nm ZnO layers. This might 
be because the small differences of ± 1 % in light absorption between the two thicknesses will 
hardly be distinguishable. Moreover, it is suspected that a smaller fraction of the light is 
converted to a λeff of the ZnO:Al, because the λeff is four times the size of the thin 100 nm 
ZnO:Al. This effect will compensate the lower absorption loss.  
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Figure 3.15: The integrated EQE current of µc-Si n-i-p solar cells with varying Ag roughness and 500 
nm (solid squares) or 1500 nm (open circles) ZnO:Al enhanced back reflector.  
 
 The last function of the light enhancement of the ZnO:Al is brought up as result of the 
data presented in Figures 6.9 and 7.1, which indicate the importance of the plasmon 
absorption as a limiting effect for the light generated current. Additionally, Springer et al. [54] 
report that the plasmon absorption of an Ag layer is increased with a higher refractive index 
ZnO material on top compared to a low refractive index in air measurement. Furthermore, it 
was found in the literature that absorption of surface plasmons can indeed be increased by use 
of optical denser materials. This is actually used as a method to measure surface plasmons 
more accurate and called attenuated total reflection [55]. Therefore, we speculate that an 
optically denser silicon layer on top of the Ag instead of an optically less dense ZnO:Al will 
give increased plasmon absorption. The ZnO:Al interlayer will give lower plasmon absorption 
on the Ag surface and hence a higher reflection. We will discuss in Chapter 6 the importance 
of the Ag contact plasmon absorption on the limitation of light reflection. This explanation is 
highly speculative and unproven. More research, with even less dense materials would be very 
interesting. However, as it falls out of the time frame of this thesis the topic is not dealt with.  
 
 
3.4 ZnO:In parameters 
 

TCOs have been under study for more than half a century. ZnO thin films are one of the 
most promising optically and electrically and are often used in today’s technologies as displays, 
and thin film solar cells. In both technologies the electrical properties are in most cases 
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preferred to be as high as possible. As mentioned in Section 3.2.4, electrically the TCOs still 
have potential to improve, as the theoretical maximum mobility has been calculated to be 90 
cm2/Vs [32]. Recent experiments have shown the potential of high mobility ZnO–In2O3 
systems (IZO) as values up to 60 cm2/Vs have been reported [29, 30]. Even more interesting is 
that these layers have been deposited at room temperature, which makes them highly attractive 
for the use on plastics. 

It has been shown that the mobility of ZnO:Al is highly depending on structure and 
thickness. The same is expected for IZO layers. Therefore, we have deposited a thickness 
series at several different temperatures. The target used is a 7 inch ZnO/In2O3 (13%) doped 
target. The same settings as for the previous mentioned ZnO:Al series are used: 3 µbar, 300W, 
0.1% O2 dilution, 125 mm target to substrate distance. Due to the large target and the high 
absolute powers used our minimum substrate temperature during deposition has been 
measured to be around 90oC. Because we do not have an external cooling stage in the system 
temperatures near room temperature could not be achieved. In the next paragraphs we will 
discuss the electrical and structural properties. 
 
3.4.1 Electrical and structural properties 
 

Figure 3.16 shows a continuously decreasing resistivity with increasing thickness. In 
contrast to the ZnO:Al doped layers a saturation of the resistivity value is still not seen at 1000 
nm thickness. From this we conclude that the structural properties keep evolving with thicker 
layers. Mobility and carrier concentration values are shown in Figures 3.17. For the 90, 170 and 
200 oC samples both carrier concentration and mobility increase monotonously with increasing 
thickness. The values for the carrier concentration are of the same order as for the ZnO:Al 
layers and of the values reported in the literature, namely 2-3 *1020 cm-3. The mobility, 
however, stays compared to the literature values far behind for both cases and the value tends 
to saturate at a thickness above 500 nm. As the carrier concentration indicates that the doping 
efficiency should be adequate, the low mobility should be ascribed to the structural properties 
such as defects, grain sizes and crystallinity. Structural measurements are discussed in the 
following paragraphs. 
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Figure 3.16: The decreasing resistivity values of IZO layers with increasing thickness at different 
substrate temperatures. 
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Figure 3.17:  The evolution of the mobility (a) and carrier concentration (b) with increasing thickness at 
different Tsub  of 90, 170 and 200  and 270 oC.  

 
At the high substrate temperature of 270 oC, a different behavior is observed. In the 

first instance the carrier concentration increases sharply with increasing layer thickness. 
Subsequently, above a layer thickness of 300 nm, it saturates and then decreases with layer 
thickness up to 1000 nm. The mobility on the other hand shows an increasing trend up to 
almost 10 cm2/Vs for 1000 nm thick layers. 
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Figure 3.18: Structural evolution of Tsub = 170 oC (a) and 270 oC (b) at 100, 230, 500 and 1000 nm 
thickness. All peaks are related to ZnO:Al orientations: 2θ values of 31.2, 33.6, 56 and 62o correspond to 
the (100), (002), (110), (103) directions respectively. 
 

Structural analysis is depicted in Figure 3.18. The structure evolution of Tsub = 170 oC 
and 270 oC are compared (100, 230, 500 and 1000 nm thickness). Figure 3.19 shows the 
temperature dependence of the 500 nm thick layers ( 90, 170, 200 and 270 oC ). As is visible 
the material does not show high crystallinity. Strongly different mixed phases with a high 
amorphous fraction are observed. We distinguish for all samples four different XRD peaks 
around 31.2, 33.6, 56, 62o +/- 0.5o, that are all related to ZnO orientations (100), (002), (110), 
(103) respectively. No In or In2O3 peaks are observed from which we conclude that the In is 
present in the amorphous state of In2O3 or as a very small In doping concentration. During 
film growth the film structure is evolving and changing in crystallographic orientation. With 
increasing layers thickness increasing as well as decreasing peak intensity values of the various 
orientations are observed dependent on temperature. In general it can be concluded that with 
increasing thickness for the layers with Tsub above 90 oC both (110) and (103) directions are 
contributing with increasing fractions. The contribution of the (002) direction on the other 
hand decreases. The 1000 nm layer at Tsub = 270 oC shows a sharp increase in the contribution 
of the (103) orientation at the same instance where a sudden decrease in electron density is 
observed. It is not obvious if these two observations can be correlated.  
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Figure 3.19: The XRD spectra of the ± 500 nm thick layers at four different substrate temperatures: 90, 
170, 200 and 270 oC. 

 
Tominaga et al. show the XRD patterns at different mixture ratios of ZnO and In2O3 

[30, 56].  They distinguish different phases dependent on the mixture. Comparing these 
patterns to our data we conclude that all our layers are in the ZnO phase, which is reported to 
be between 80-100 % Zn contribution at Tsub = 150oC. Fortunato et al. obtain their high 
mobility samples in a complete amorphous phase [29]. The amorphous phase is obtained by 
Tominaga at Tsub = 150 oC with a higher amount of In mixed into the layer 80-50 %. They also 
show that a high mobility can only be obtained in a small region on the edge from the 
homologous ZnkIn2Ok+3 to amorphous phase. For the ZnO phase again a low mobility < 10 
cm2/Vs is observed comparable to our results. This indicates that our layers do not have 
enough In concentration compared to the Zn. With Rutherford Back Scattering (RBS) 
measurements we determined the In concentration for the samples at the different substrate 
temperatures. As depicted in Table 3.3 the In concentration of around 7 % indeed confirms 
that the layers are grown in a ZnO phase and a low mobility can be expected. From the 
literature it is believed that the conductivity in undoped ZnO-In2O3 systems is determined by 
the concentration of oxygen defects. It is shown that ZnO acts as a source of oxygen, which 
decreases the conductivity, therefore a high Zn/In ratio gives inferior electric properties.  

Focussing on the crystallinity we observe that the low temperature Tsub = 90 oC shows 
the highest crystallinity and a relatively pure (002) orientation. The accompanying lowest 
concentration of In (6.34 %) can explain this observation partly, as a higher ZnO fraction is 
present. ZnO already crystallizes at room temperature [56]. From this observation we can 
conclude that at increased temperatures a higher amount of In is build into the layer, this 
decreases the polycrystalline ZnO structure with a strong c-axis orientation and creates a 
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higher amount of amorphous phase. At further increased temperatures no clear correlation is 
seen with the amount of In concentration.  

By varying pressure and power (1-20 µbar, 1.0-3.1 W/cm2) we tried to increase the 
ratio In to Zn, however no deposition appeared successful. As reported in the literature the 
high mobility amorphous layers are deposited at room temperature and a high power density 
(> 4 W/cm2) in a small system with absolute low power ± 60 W. It is likely that they obtain a 
high amount of defects in the amorphous phase at these settings. In our situation, possibly, the 
difficulty to stay at sufficient low temperatures and high power density might be limiting the 
small In contribution and defects of our layers. 
 
Table 3.3: Indium concentration, carrier density and mobility at different substrate temperatures for the ± 
500 nm IZO layers. 

Tsub (
oC) 

Concentration 
In ( % ) ± 0.1 

Carrier density 
 ( cm-3 ) ± 0.05 

Mobility          
(cm2/Vs) ± 0.2 

90 6.3  2.95 6.1 
170  7.6  3.75 7.6 
230 7.2  3.60 6.3 
270 7.5  4.18 6.2 

 

 
 

3.5 Conclusions 
 

By optimizing the target to substrate distance and making use of a donut-shaped shield 
we achieved high thickness uniformity on a large area. By removing the donut and optimizing 
pressure and power we also achieved ∆t ± 5 % thickness difference in maximum and 
minimum value on an 8 cm diameter area. We have shown the deposition rate dependence on 
power and pressure, which is in agreement with observations from the literature.   

We have shown the dependence on oxygen addition into the gas phase, which shows 
increased resistivity at higher concentrations. This increase is correlated to a decreased carrier 
concentration and mobility. Therefore, we conclude that the oxygen decreases the doping 
efficiency of the Al impurities and defects and additionally creates an AlOx structure that does 
not contribute to free carriers.  

By changing the parameter space of power and pressure we observed a maximum 
resistivity between pressures of 10-20 µbar. The measurements show a clear correlation 
between mobility and carrier concentration, which is not the preferred parameter dependence 
and might be attributed to the small crystal sizes and the related high amount of grain 
boundaries. Structural measurements revealed that the layers posses internal compressive 
stress, which decreases with increasing pressures. The lowest internal stress value, however, 
coincides with the highest resistivity. Because this dependence is shown in the literature to be 
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opposite we finally conclude that the electrical properties in this series are dominated by the 
doping efficiency. 

The thickness evolution at different temperatures shows saturation of the electrical 
properties for layers thicknesses above 300 nm.  We see that the mobility decreases with 
increasing deposition temperature. The reason of this decrease could not be explained by 
changes in grain size and carrier concentration. Only a clear correlation was found between the 
decreased mobility and a decreased internal stress, which is expected to be opposite. Therefore, 
we speculate that changes in defect density can influence the mobility and stress without 
changing the other parameters. 
 In the second part of this chapter we discussed some of the effects related to the 
ZnO:Al TCO layer regarding the light trapping in µc-Si solar cells with different roughness of 
back contacts. We distinguished several factors which can be ascribed to the ZnO:Al TCO for 
enhanced light scattering. We concluded that for rough layers the constructive interference that 
can be reached with the thin TCO is not the dominating factor, rather scattering on the i-
layer/ZnO:Al interfaces or crystals in the ZnO:Al layer as was suggested in the literature. 
Additionally, we conclude that with optimizing the feature sizes of the Ag layer, the ZnO:Al 
also shows thickness dependence. In this case the layer should be used as thin as possible to 
avoid current losses. We speculated that ZnO:Al TCO is converting the λeff to a wavelength 
matching the sizes of the surface features, which gives enhanced light scattering. The scattering 
on the ZnO:Al surface or crystals is not dominating in this region.  

Finally in the last part of the chapter we conclude that deposition of IZO layers 
showed degenerated polycrystallinity of the ZnO structure with increasing In concentration at 
higher temperatures. All the deposited layers were only achieved within the ZnO phase as 
reported by [30]. From our observations and the observations in the literature we believe that 
this phase is not optimal for good electrical properties. More In concentration or a lower 
substrate temperature should be achieved in the layer in order to push it to the homologous or 
amorphous phase, which has shown to give increased mobility. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 

4 
Protective properties of 

ZnO:Al barrier for utilization 
of very high deposition rate 

amorphous silicon 
 
 
 
 
 
 

4.1 Introduction 
 
 Amorphous silicon (a-Si:H) material is used for many commercial applications. Up to 
now most thin film silicon layers for commercial applications are deposited by the 
conventional plasma-enhanced CVD (PECVD) technique. One industrial issue in depositing a-
Si by PECVD is that the best material is obtained at low powers and therefore low deposition 
rates. Most commercial products are made with a-Si deposited at a rate below 0.3 nm/s and 
certainly below 1.0 nm/s. 
 HWCVD is a promising fast and relatively simple fabrication technique for high 
deposition rate intrinsic a-Si:H layers for large area thin film solar cells. Compared to PECVD 
the radical fluxes to the substrate are much higher, whereas, no ion bombardment is present. 
To fully benefit from this it is preferable to use elevated substrate temperatures between 220 
and 400oC. We have already shown [57] that HWCVD is capable of producing protocrystalline 

71 
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silicon from undiluted silane at higher deposition rates (1 nm/s) than commonly achievable in 
PECVD and with higher stability against light-induced degradation.  
 However, due to the higher atomic H density in the gas phase, it is not straightforward 
to utilize the full benefit of the higher deposition rate of the HWCVD in thin film solar cells in 
the p-i-n configuration on textured SnO2:F (superstrate configuration). Solar cells fabricated on 
glass/TCO superstrates showed, that in case the front TCO is SnO2:F, the window electrode is 
reduced in an atomic hydrogen ambient, which is typical for any deposition method featuring 
high H flux, leading to a spectrally neutral loss in transmittance [58]. To keep a high quality 
material as well as high deposition rate we proposed earlier [59] the implementation of a thin 
protective layer on the TCO, such as ZnO, ZnO:Al, or TiO2, which show high durability 
against the chemically reactive atomic hydrogen ambient. Earlier investigations have already 
shown the protective properties of ZnO [60] and TiO2 [61] as an alternative for the effective 
protection.  
 This chapter describes the effect of a plasma treatment on ZnO:Al TCO layers. X-ray 
Photoelectron Spectroscopy (XPS) measurements are performed in order to investigate the 
surface changes. Further, we have optimized the thin ZnO:Al protection layer and p-layer 
contact for p-i-n configurated solar cells in order to pave the way to take full benefit of the 
high-rate capabilities of the HWCVD technique on superstrate p-i-n solar cells. Additionally, 
the potential of high deposition rate amorphous silicon layers with this technique is explored in 
single as well as in micromorph tandem solar cells. Considering that the High Pressure 
Depletion (HPD) method for µc-Si:H already provides sufficiently good component cells that 
can be made at 3-5 nm/s for the i-layer [62], which would bring the deposition time for the 
bottom cell i-layer in a tandem solar cell to 3 – 4 minutes, while even a deposition rate up to 8 
nm/s for individual i-layers has been achieved [63], it becomes important to be able to deposit 
the top cell stable a-Si:H i-layer also within 3 – 4 minutes to prevent that the top cell 
deposition unexpectedly becomes the rate limiting step. We present high efficiency amorphous 
silicon p-i-n solar cells with very high deposition rate and tested its stability in both single solar 
cells as well as incorporated in top-cell limited tandem cells under AM1.5 light-soaking 
conditions. This will reflect the potential of top-cell limited multibandgap thin film silicon 
tandem cells, which is important for high-yield outdoor application, as top cell limited solar 
cells offer a higher daily and annual yield. 
 
 
4.2 Experimental 
 
 The intrinsic layers were deposited by means of HWCVD in a multichamber ultrahigh 
vacuum system [64]. Two tantalum filaments (0.5 mm diameter) were used with filament 
currents in the range from 10.5 to 15 A to control the deposition rate. Undiluted silane was 
used as a source gas for the protocrystalline Si:H deposition, at a gas flow rate of 90 sccm and 
a pressure of 20 µbar. The substrate temperature is brought in equilibrium with its 
surroundings prior to deposition under closed shutter conditions. Substrate heating is a result 
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of filament radiation only. At a substrate temperature of about 250 °C device-quality 
protocrystalline material is obtained, at a deposition rate of about 1.0 nm/s [65]. The doped 
layers of the cells were standard, deposited by means of PECVD at a discharge frequency of 
13.56 MHz. The a-Si:H n-layer was deposited at a substrate temperature of 200 °C. For the 
window p-layer a double layer of 5 nm µc-Si with a 7 nm a-SiC:H gives good electrical contact 
with the ZnO:Al layer as well as low parasitic absorption losses. Thin 5 nm to 100 nm ZnO:Al 
layers on TCO are used to test the protection properties and absorption losses. All ZnO:Al 
layers are RF magnetron sputtered without external heating. The Ag solar cell back contacts 
are made as 4 x 4 mm2 pads defined by evaporation through a mask. To increase the current 
and maintain high yield a ZnO:Al/Ag enhanced back reflector is used.  
 XPS measurements are performed with Al X-rays with a surface analyser angle of 15 o. 
In order to study the effects of hydrogen on the sputtered ZnO:Al layer we used the 
configuration of the n-i-p solar cell back reflector (textured)Ag/ZnO:Al/µc-Si n-layer solar 
cells with and without a 20 minutes pure plasma hydrogen pre-treatment with the same setting 
as used for the n-layer deposition (200 oC, 1 mbar). Additionally we deposited on Ag/ZnO:Al 
substrates several thicknesses of n-layer (tdep= 0, 12.5, 17, 20 minutes) with and without 20 
minutes hydrogen pre-treatment at the same settings.  
 
 

4.3  ZnO:Al stability against hydrogen 
 

Above, we mentioned that the SnO2:F front TCO layers are not inert against atomic 
hydrogen reactions [58]. It has been shown that hydrogen is reacting with the oxygen and 
creating H2O (g) as well as leaving Sn particles on the surface. These particles start clustering 
and cover the surface with a non transparent layer and deteriorate the optical transmission of 
the front TCO. During solar cells silicon deposition with a high amount of atomic hydrogen in 
the gas phase, like µc-Si or HWCVD depositions, the deposited layer can act as a protection 
barrier against the atomic hydrogen. However, during the first stages of deposition the SnO2:F 
has still be shown to deteriorate.  

We considered that the use of a thin ZnO:Al barrier layer on top of the SnO2:F can 
give protection against the atomic hydrogen. It has been shown that ZnO:Al layers have a high 
resistance against hydrogen plasmas [60]. However, ZnO is not completely inert to hydrogen, 
as it is shown in the literature that undoped ZnO interacts with hydrogen, which is 
incorporated in the ZnO structure and acts as a shallow donor and increases the carrier 
concentration [66]. Moreover, texture can be created by sputtering away parts of the ZnO layer 
[16]. Also Feitknecht et al. speculate about interaction with ZnO and diffusion of particles 
from the ZnO layer during a µc-Si n-layer/µc-Si i-layer deposition [67]. As will be shown in 
Chapter 7 of this research the deposition of a high quality µc-Si n-layer is very important for 
the succeeding developing µc-Si solar cell. Therefore, the interaction of a ZnO:Al with species 
from a highly diluted hydrogen deposition should be discussed. XPS (x-ray photo 
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spectroscopy) as well as optical and electrical measurements are performed on 
Ag/ZnO:Al/µc-Si n-layer structures in order to distinguish the different species on the 
ZnO:Al and ZnO:Al/n-layer surface. 
 

4.3.1 ZnO:Al optical and electrical properties 
 

From optical measurements no differences in absorption were noticed with a 20’ H 
treatment on a glass/100nm ZnO:Al layer. Moreover, by calculating the layer thickness 
optically as well as measuring the thickness mechanically with the DEKTAK profiler, no 
distinguishable difference has been seen among glass/ZnO:Al, glass/flat Ag/ZnO:Al and 
glass/rough Ag/ZnO:Al layers after hydrogen treatment, suggesting that the ZnO:Al is stable 
against etching of the layer by hydrogen.  

By analyzing the structure of glass/ 500 nm ZnO:Al layers deposited at several substrate 
temperatures (170, 200 oC ) we observed a slight increase of 0.08 +/- 0.03o in 2θ peak position 
of the dominant (002) orientation. This suggests a smaller compressive stress and a decrease in 
lattice distance, which is in contradiction to what Chen et al. [49] observed on undoped ZnO 
and hydrogen treatment under UV illumination. They observed a peak shift to lower 2θ values 
and an increased lattice distance. However, hydrogen treatment on undoped ZnO with UV 
light has already shown earlier to be able to etch ZnO [16]. The reason that this behavior is not 
observed in our measurements might be due to the aluminum doping and absence of the UV 
light. Al doped ZnO has also shown to be more stable against structural changes induced by 
post-oxidation in air [68]. 

Finally, we did not find any significant differences in either carrier concentration or 
mobility after hydrogen treatment. This suggests that hydrogen is not acting as an additional 
dopant in Al doped ZnO layers, because the Al doped ZnO is already a highly degenerated 
semiconductor and additional doping sites can not be made or are not contributing to the 
doping. Furthermore, because the Al doped ZnO is unchanged after hydrogen treatment, it 
confirms the reports in the literature that hydrogen acts as a shallow donor in undoped ZnO 
and that not the creation of more oxygen vacancies after hydrogen treatment are responsible 
for increased carrier concentration [66]. Had the latter had been true, the electrical changes 
should also have been visible for doped ZnO layers, as the oxygen vacancies would contribute 
to a higher carrier concentration. 

In conclusion, the above observations infer that, apart from small structural changes, 
the ZnO:Al is unchanged in hydrogen plasmas and differences in solar cell performance are 
not expected to be the result of different electronic and optical ZnO:Al bulk properties. 
 
4.3.2 XPS on ZnO:Al 
 

By performing XPS measurements on Ag/ZnO:Al, Ag/ZnO:Al + H treatment and 
Ag/ZnO:Al/n-layer with several n-layer thicknesses (tdep = 0, 12.5, 17, 20 minutes), we can 
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observe the changes in the atomic layers on the surface. Figure 4.1 shows the XPS spectra of 
the as-deposited and H-treated ZnO:Al layers. The low binding energy range from 80-110 eV 
is shown in the figure. The measurement is performed with Al X-rays. Peak positions observed 
in this range are at 89 and 91 eV for the Zn 3p3/2 and 3p1/2 levels respectively. After hydrogen 
treatment a peak position around 103 eV appears, which could be assigned to an atomic Si 
level of the SiO2 binding, and the peak related to the Zn levels are lower in intensity. An 
increasing thickness of the n-layer on top of an untreated ZnO:Al layer leads to the decrease in 
the intensity of the peaks that are related to the Zn levels, while an increasing Si 2p3/2 peak is 
observed at 99 eV. In this sample also the peak intensity at a binding energy of 103 eV is 
present and it is decreasing with increasing silicon film thickness. Therefore, one can infer that 
the atoms responsible for this latter peak are at the ZnO:Al surface and get buried underneath 
the subsequent deposited silicon layer. If that is the case, one has to explain why the peaks 
attributed to the SiO2 binding state, appear on a H-treated ZnO:Al surface without silicon 
deposition and whether this peak can be introduced by post-oxidation.  
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Figure 4.1: XPS peak positions at low binding energy. 89 and 91 eV correspond to the Zn 3p3/2 and 3p1/2 
levels of the as deposited ZnO:Al (dashed light gray line). The ZnO:Al with hydrogen treatment (dotted 
gray line) shows an additional SiO2 related peak at 103 eV. With thicker silicon layers both Zn and SiO2 
related peaks become smaller and the Si related peak at 99 eV increases. Layer thickness is indicated by 
the deposition time: 12.5’ (black), 17’ (dark gray), 20’ (light gray). 

 
The first question can be answered in the following way: Because the H-treatment on 

ZnO:Al has been done in a plasma chamber in which normally the amorphous silicon n-layer 
is deposited, we can assume that silicon on the wall of the reactor is etched away or the silicon 
from the cathode is sputtered and deposited on the ZnO:Al during H-treatment. Several 
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papers have reported observations that indicate this possibility [69, 70 ,71]. In this case it is 
likely that silicon atoms or silicon particles reach the ZnO:Al surface and either react with the 
ZnO or only is deposited on the substrate. As it is seen by XPS that SiO2 bindings are created, 
a reaction process at the surface can be assumed. However, the post oxidation can also create 
SiO2 on a silicon deposited layer. Therefore, we zoom in on the binding energy range of 520-
550 eV in Figure 4.2. For the as-deposited ZnO:Al layer a peak at 531 eV that is related to an 
atomic oxygen level, is present. During H-treatment and n-layer deposition this peak shifts to a 
higher binding energy of 533 eV. Several papers attribute this peak position to chemisorbed 
oxygen or SiO2 [72, 73]. Whereas, from Figure 4.1 we inferred that the peak at 103 eV, related 
to a SiO2 binding, is buried underneath the silicon n-layer, this peak at 533 eV is only partly 
decreased in intensity with increasing n-layer thickness. This indeed suggests that the 533 eV 
peak is chemisorbed oxygen due to a post-oxidation reaction with the silicon layer. Because of 
the disappearance of the 103 eV peak with thicker n-layers we conclude that this is related to 
SiO2 that is not created due to post-oxidation but due to some reaction during the H-treatment 
and n-layer deposition.  
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Figure 4.2 The as-deposited ZnO:Al layer (dashed light gray) shows a binding energy peak value of 
oxygen at 531 eV. During H-treatment (dotted gray) or n-layer deposition (solid black) the peak shifts to 
533 eV which is related to chemisorbed oxygen or SiO2. 

 
As described in the above section, hydrogen can be incorporated into the ZnO:Al layer 

and change the structure. Therefore, we assume that it is possible that the atomic hydrogen can 
break weak O-Zn-O bonds on the surface, which then react with the Si atoms or Si products 
from the walls and the cathode, creating O-Si-O bonds and free Zn atoms. These Zn atoms 
are either etched away or remain on the surface. One way or the other it is not likely to cluster 
as Zn-Zn particles as no difference in optical transmission of the layers has been observed. 
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Furthermore, the deposition of silicon n-layers as thick as ± 30 nm (tdep of 20’) should be thick 
enough for the ZnO:Al surface to be out of reach of the Al X-rays, as from the literature a 
penetration depth of maximum 15 nm is expected. The small Zn peaks that are still visible 
with this thick silicon layer indicate that the Zn particles are still present in the proximity of the 
surface. We should, however, discuss the complete disappearance of the Zn peaks observed at 
energies of 1022 eV and 1045 eV (not shown in the picture). If the Zn particles are still nearby 
the interface, the peaks should still be present at these higher energies, as the peak intensity 
gives an indication of the density of particles that are detected. However, we should take into 
account that with increasing silicon thickness, the speed of decrease from the peak intensities 
at both low as well as the high energy levels, is dependent on the energy position due to the 
penetration depth and linearly depending on the particle density. Taking this into account we 
calculated that the intensities of the 1022 and 1045 eV peaks are below the noise limit. This 
indicated that the Zn peaks around 90 eV can indeed be visible with a low density of Zn 
particles nearby the surface, while the Zn peaks at high energies are not seen. 

The XPS measurements indicate that a reaction process occurs during the n-layer 
deposition. Therefore, it is indeed likely, as is also speculated in the literature [67], that while 
depositing the n-layer followed by the i-layer at higher temperature (250 oC) particles like Zn, 
Si, O, and P get mixed together and create an n-layer which does not have an optimized 
crystalline quality. Moreover, it can be assumed that at higher temperatures conducting 
particles that are not bound diffuse through the i-layer and create effective shunting paths in 
cracks and at grain boundaries. This can explain the low Rp values (50-200 Ωcm2) that we 
obtained rather commonly in the n-i-p structures with ZnO:Al back contact layers.   
 
 

4.4  Optimization of ZnO:Al barrier  layer in p-i-n solar cells 
 
 Using experimental solar cells we will demonstrate in the following sections that the 
presence of a PECVD p-layer and an i-layer deposited at a substrate temperature of 250 oC and 
a rate of 1.0 nm/s is not sufficient to avoid reduction by the agressive hydrogen ambient. The 
ZnO:Al barrier layers have been shown to give protection against the atomic hydrogen 
atmosphere. However it is not straightforward to insert a thin ZnO:Al between SnO2:F and an 
a-Si:C:H p-layer. First an optimization of the interfaces is needed.  
   
4.4.1 Electrical contact of the p-layer to ZnO:Al 

 
 Although ZnO:Al layers exhibit good light transmittance and low ohmic resistivity, 
modeling has shown that the work function difference between the n-type ZnO:Al and an a-
Si:C:H p-layer causes band bending and builds up a potential barrier in the p-layer [74]. Due to 
differences in the work functions of the different types of TCO, the potential barrier with the 
a-SiC:H p-layer will be higher for ZnO:Al than for SnO2:F. This can result in a thicker 
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depletion zone within the p-layer and an increased series resistance, leading to a lower FF [75]. 
We indeed observed a decreased FF (from 0.71 to 0.67) and increased Rs (from 6 to 10 Ωcm2 ) 
when ZnO:Al was used in combination with an a-Si:C:H p-layer. To improve the contact and 
decrease the band bending we deposited a very thin intermediate µc-Si p-layer on the TCO 
before the a-Si:C:H layer. This layer gives a thinner depletion zone due to a higher doping 
efficiency. Further the µc-Si p-layer has a smaller band gap than the a-Si:C:H p-layer and 
therefore the band bending is reduced. A schematic diagram is depicted in Figure 4.3. Very 
thin 5, 10, and 20 nm ZnO:Al barrier layers were tested together with various kinds of p-layers 
for optimization of the structure. Hereby a high Voc of 0.90 V was achieved with a 20 nm 
ZnO:Al/16 nm µc-Si:H p-layer and already an increase in current density from 1-1.5 mA/cm2 
was observed. A 16 nm thick µc-Si p-layer however leads to parasitic absorption due to its 
small band gap. Figure 4.4 shows the increase in transmission when thinner µc-Si p-layers are 
used. It can be seen that the absorption is mainly dominated in the short wavelength region. 
An optimal contact is created with a 5 nm µc-Si and 7 nm a-Si:C:H double layer structure 
resulting in a high Voc of 0.89 V and a FF of 0.70. The µc-Si p-layer results in a good electrical 
contact with the ZnO:Al and low absorption. The a-Si:C:H gives increased built in potential. 

b) ZnO:Al / p-µc-Si:H / p-a-SiC:H

a) ZnO:Al / p-a-SiC:H :

p-µc-Si:H p-a-SiC:H

E
v

Ec

Ef

Depletion width

E
c

ZnO:Al

 
Figure 4.3: A schematic diagram of the energy bands of a) a ZnO:Al / p-a-SiC:H interface with wide 
depletion width (dotted lines) b) ZnO:Al / p-µc-Si:H / p-a-SiC:H interface where reduced band bending 
occurs due to a grading in the conduction band energy (black lines). 

 



Protective properties of ZnO:Al barrier                                                                                79 

400 500 600 700 800 900 1000
0

5

10

15

20

25

30

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

EC
E

Wavelength (nm)

 (12nm a-Si:C:H)
 (16 nm µc-Si:H)
 (12 nm µc-Si:H)
 (5  nm  µc-Si:H + 7 nm a-Si:C:H)

Tr
an

sm
is

si
on

 g
ai

n 
(%

)

Wavelength (nm)

 
Figure 4.4: Increased transmission for a 5 nm µc-Si p-layer compared with a 12 nm µc-Si p-layer. The 
inset shows a comparison of the external collection efficiency (ECE) of solar cells with a 16 nm µc-Si p-
layer, a 12 nm µc-Si p-layer, a 12 nm a-Si:C:H p-layer and the optimized double layer with less 
absorption in the short wavelength region. 
 
4.4.2 Ultra thin protection layers 
 
 Table 4.1: J-V parameters for the best pin cells on Asahi-U type substrates made with and without a 5 
nm ZnO:Al layer. The i-layer is deposited at a Tsub of 275 oC and 1.1 nm/s. 
 

 Voc     (V) Jsc (mA/cm2) FF Eff (%) 

No 
ZnO:Al 

0.86 13.0 0.71 7.9 

 
ZnO:Al 

0.88 14.2 0.71 8.9 

 
 In order to optimize the thickness of the ZnO:Al as a protection layer we deposited 
cells with 1200 nm PECVD µc-Si i-layers on protection layers with 0, 15, 30, and 100 nm 
thickness. The Jsc showed a very large increase of more than 5 mA/cm2 when a protection layer 
of only 15 nm was used. Further, the thicker 100nm ZnO:Al layers showed slightly lower Jsc, 
due to an increased light absorption and no further improved protection at this larger 
thickness. This is an indication that a thin 15 nm ZnO:Al layer already has sufficient protective 
quality. A fast deposition of a compact i-layer will give additional protection against hydrogen 
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damage. We tested a 5 nm and a 15 nm ZnO:Al with a fast deposited HWCVD i-layer. As it 
resulted in comparable Jsc values, we conclude that 5 nm ZnO:Al already results in conformal 
coverage and is thick enough for effective protection, while it is thin enough  to avoid parasitic 
optical absorption.   
 This optimization sequence resulted in the use of the ultra thin 5 nm ZnO:Al layer as 
the protection layer in combination with the double p-layer. Quantum efficiency measurements 
given in Figure 4.5 show an increase of the cell response over the entire range from 400-700 
nm by using this 5 nm thick ZnO:Al protection layer with a solar cell comprising an i-layer 
deposited at 250 oC and at a high rate of 0.8 nm/s, indicating that there is reduced chemical 
reduction of the SnO2:F. Table 4.1 shows the differences in J-V parameters of the best cells 
with and without protection layer of which the i-layers were deposited at a Tsub of 275 oC and a 
deposition rate of 1.1 nm/s. Also these J-V results show a significant improvement in Jsc values 
over those obtained from cells on bare SnO2:F. An increase of 1-1.5 mA/cm2 is observed. 
Moreover, also an increase in Voc is observed. No decrease in FF is measured, showing that the 
5 nm ZnO:Al layer is suitable as a protection layer.  
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Figure. 4.5. The increased quantum efficiency observed with a ZnO:Al protected Asahi-U type substrate. 
The i-layer is deposited at 0.8 nm/s at a substrate temperature of 250 oC. 
 
 
4.5  The way to very high deposition rate a-Si:H 
 
 The transition deposition regime, close to where µc-Si is formed, has been shown to 
result in protocrystalline silicon material that is highly stable under light soaking conditions 
[57]. The protocrystalline silicon is obtained at a deposition rate of 1 nm/s. This challenged us 
to grow silicon material just below this transition at increased deposition rates. In the following 
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series, the deposition rate was increased from 0.9 to 3.5 nm/s only by increasing the current 
through the two Ta filaments. This is automatically accompanied by an increase in the 
substrate temperature from 250 to 375 oC, thus providing a positive feed back mechanism to 
maintain high i-layer quality. All other parameters such as pressure and distance to the wires 
were kept constant. The silane flow was kept high, at 90-120 sccm, to avoid depletion. In 
HWCVD, we expect that no hydrogen dilution is needed to reach a protocrystalline regime, 
due to the effective dissociation of SiH4 by this technique, leading to high atomic H flux to the 
substrate. As can be seen in Figure 4.6 deposition rates up to 3.5 nm/s are reached while no 
saturation is visible yet. Due to an expected damage to the p-layer in p-i-n solar cells at the 
highest substrate temperatures we did not take effort to go to higher deposition rates although 
this might be achievable with further optimizations. 
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Figure. 4.6: Increase of deposition rate with substrate temperature as a result of higher current through 
the catalytic Ta filaments. The deposition rate is measured in the middle of the substrate. A very high 
deposition rate of 3.5 nm/s is obtained. 
 
4.5.1 p-i-n solar cells at high rd. 
 
 Figure 4.7 shows the corresponding J-V parameters of the cells in this range of 
deposition temperatures and deposition rates.  All the cells in this figure have similar i-layer 
thickness of 390 nm which justifies the direct comparison of external cell parameters. We note 
that there is a substantial gain in Jsc in the entire Tsub range of 250-375 °C when using a ZnO:Al 
protection layer on the SnO2:F substrates. This confirms that ZnO:Al prevents the darkening 
of the TCO. Both protected and unprotected solar cells show an increasing Jsc with increasing 
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Tsub. This can be attributed to a slightly decreasing optical band gap of the a-Si:H at increasing 
Tsub. This is comfirmed by a small shift in the onset wavelength that is seen in the External 
Collection Efficiency (ECE) measurements of the solar cells. At the highest substrate 
temperature of 375 oC, it appears that we have passed a maximum in Jsc. Apparently, at this 
temperature either the ZnO:Al no longer provides sufficient protection or the p-layer is 
affected. 
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Figure 4.7: J-V parameters of solar cells with ~ 390 nm thick i-layers at different deposition rates. The 
accompanying substrate temperatures are respectively 250, 275, 305, 325, 350 and 375 oC. The 
corresponding maximum deposition rates that can be obtained are respectively 0.9, 1.3, 1.9, 2.1, 3.2 and 
3.5 nm/s. ZnO:Al protected SnO2:F substrates are depicted with squares, the bare substrates are depicted 
with triangles. 
 
 Moreover, it is seen that over the whole Tsub range from 250 to 350 oC the ZnO:Al 
protection layer helps to maintain a higher Voc compared to the case of bare SnO2:F. The lower 
short circuit current for cells made without the protection layer can result in a lower Voc 
because of the lower light intensity entering the a-Si layer. The decrease in Voc with increasing 
Tsub can again be explained by the decreased band gap. However, at high temperatures and rd 
above 1.6 nm/s the Voc changes more than can be expected from decrease of the band gap. At 
this high Tsub, the atomic hydrogen density in the gas phase is increased and a thicker SiOx 
created on the ZnO:Al/Si interface, as observed from an XPS measurement in Section 4.3,  
could induce the extra Voc drop. Alternatively, it is very likely that at high temperatures 
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enhanced diffusion of boron through the p-layer can affect the built-in-potential and cause an 
extra loss in Voc. This effect starts to be significant around a substrate temperature of 325 oC. 
 The best cell at a high Tsub of 325 oC has a deposition rate for the i-layer of 1.6 nm/s. It 
has an initial efficiency of 8.5 %. At an rd of 1.9 nm/s we obtained an 8.4 % efficient cell, while 
a 2.1 nm/s deposited cell still has an efficiency of  8.1 %. Finally, the highest rd of 3.2 nm/s at 
Tsub of  350 oC resulted in an efficiency of 7.5 % which is higher than in earlier reports on 
HWCVD [76] and VHFCVD [77], due to the use of a textured front window TCO. Solar cells 
with 3.5 nm/s i-layers show a 6.6 % initial effciency. The best cells are plotted in Figure 4.8. 
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Figure 4.8: Best cell efficiencies obtained at high deposition rates. In contrast to Figure 4.7 these solar 
cells have various i-layer thicknesses.  
 
 It is important to note that for high rate i-layers at an rd of up to 2 nm/s the quality 
remains high while the deposition time is reduced from 540 s to 180 s. Thus, the deposition 
time of the i-layer of the solar cells can be significantly reduced, while preserving good 
efficiencies with the presently established window stack of SnO2:F/ZnO:Al/p-µc-Si:H/p-a-
SiC:H.  This leads the way to higher deposition rates for TCO/p-i-n structures with HWCVD 
i-layers. When comparing cells with and without ZnO:Al protection layers, the result might be 
influenced by an additional source of damage that was introduced due to the extra µc-Si p-
layer, which is deposited by PECVD under high hydrogen dilution. To distinguish the 
difference between the damage due to the HWCVD i-layer and the µc-Si p-layer we compared 
our present results with those obtained for a solar cell with an a-Si:H PECVD i-layer rather 
than a HWCVD i-layer. The damage to the SnO2:F, if any, in the all-PECVD structure would 
only be due to the p-layer. The structures with the HWCVD i-layer would show damage due to 
both the µc-Si p-layer and HWCVD i-layer deposition. A small decrease of 0.3 mA/cm2 in Jsc 
is observed for the PECVD structure.  For the HWCVD i-layer the Jsc reduction is a factor 2 - 
4 (dependent on rd) larger than that in cells with a PECVD i-layer. This shows that the 
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protection layer mainly prevents damage that would otherwise arise from the high H 
concentration in the HWCVD ambient. 
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Figure 4.9: The absolute and normalized FF during > 1000 hours of light soaking with a high and low 
deposition rate solar cell and an i-layer of 390 nm. 
 

4.6  Stability of high deposition rate amorphous silicon 
 

Single junction solar cells 
 
 On stainless steel, the intrinsic material deposited at 0.9 nm/s at 250oC has been 
demonstrated to be protocrystalline silicon material [57]. This can also be concluded from the 
stability under light soaking, which shows a decrease limited to 10 % in FF of cells with i-layers 
between 300 - 400nm. This i-layer and the amorphous i-layers, at higher Tsub and rd, have been 
tested in p-i-n configuration solar cells for the degradation under light soaking, as can be seen 
in Figure 4.9. Table 4.2 shows the initial FF and relative FF loss after light soaking for 2000 
hours.  The rd values given are for equally thick (390 nm) layers and are not the maximum 
deposition rates at this temperature. A decrease in FF < 20 % for cells with 390 nm i-layers is 
seen for a wide range of temperatures. The maximum FF decrease at 325 oC coincides with a 
higher diode quality factor for this cell. Both observations indicate that this cell has a higher 
defect density. This is confirmed by dark EQE measurements that show a collection problem 
near the front interface for this particular cell.  
 Layers thinner than 300 nm show a more stable FF behaviour and degradation less 
than 10 % over the whole range of deposition rates up to 2.2 nm/s. The degradation is only 
dependent on the layer thickness and not increased with increasing deposition rate. Therefore, 
these layers show high potential for the top cell in tandem solar cell applications. The small 



Protective properties of ZnO:Al barrier                                                                                85 

degradation indicates high quality layers properties and shows protocrystalline-like behaviour 
also for pin cells. Finally, we report a 6.8 % stable efficiency for a cell with a 340 nm i-layer 
deposited at 1.7 nm/s. The decrease in efficiency is only 11.7%, see Table 4.3. Annealing of all 
cells at 150 oC for 6 hours showed recovery to within 2 % of the original performance. This 
indicates that the observed degradation effects are inherent to the Steabler-Wronski effect 
only. 
 
Table 4.2: Light soaking results for cells with high deposition rate i-layers. The initial FF and relative 
loss in FF for cells with 390 nm thick i-layers are given. Cells with i-layers with a thickness between 
250-300 nm show < 10 % FF loss. 
 

390 nm 
i-layer 

250 oC 
(0.7nm/s) 

325 oC        
 ( 1.9 nm/s) 

350 oC 
  ( 2.2 nm/s) 

Initial FF 0.69 0.67 0.64 

Loss FF (%) 18 +/- 2 23+/- 2 18 +/- 2 

< 300 
i-layer 

8 +/- 1 10 +/- 1 9 +/- 1 

>450nm 
i-layer 

21+/- 2 27 +/- 2 26 +/- 2 

 
Table 4.3: Best stable efficiency of cells with i-layers made within 200 seconds of deposition time. The 
cell thickness is 340 nm and the deposition rate is 1.7nm/s. 
 

 Voc     (V) Jsc (mA/cm2) FF Eff (%) 

Initial 0.80 15.0 0.64 7.7 

Stable 0.81 14.6 0.58 6.8 

 
 The thin high deposition rate solar cells made close to the transition regime show 
promising initial and stable values. In the following, this is compared with reported values by 
other techniques that show promising high rate materials such as VHF-PECVD, High 
Pressure Depletion PECVD and Expanding Thermal plasma CVD (ETP-CVD). Up to now 
only Canon has reported high deposition rate amorphous i-layers up to 1.9 nm/s by VHF-
PECVD. A high efficiency n-i-p cell was obtained showing 21 % efficiency degradation [78]. 
ETP-CVD has reported high deposition rate a-Si:H materials up to 6.0 nm/s [79]. Up to 3 
nm/s these materials showed device quality properties. Petit et al. have reported high initial 
efficiencies of 8.0 % for ETP-CVD solar cells with i-layers deposited at a rate of 1.1 nm/s. 
However, a 40.7 % efficiency degradation under light soaking conditions was observed [80]. 
HWCVD has already shown promising results for very high deposition rate a-Si:H material. As 
was shown by NREL [81] a-Si:H material could be deposited at rates up to 17 nm/s. At rates 
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up to 2 nm/s initial efficiencies above 7 % were obtained for n-i-p solar cells on non-textured 
substrates. At rates above 2 nm/s initial eficiencies were still at 6 %, but a larger decrease to 4.2 
% was seen after light soaking. This shows that the high deposition rate Si:H, deposited by 
HWCVD just below the transition regime from a-Si:H to µc-Si:H layers, shows good stability. 
The degradation of the solar cells does not increase with increasing deposition rate. 
 
Micromorphous tandem solar cells 
 
Table 4.4: Performance of HWCVD proto-Si/HWCVD µc-Si:H superstrate pin/pin tandem solar cells 
before and after light soaking. The light-induced increase in Jsc is due to improved top cell response upon 
light soaking.  
 

 
200/2000 nm 

Voc     (V) Jsc (mA/cm2) FF Eff (%) 

Initial 1.35 7.9 0.68 7.3 

Stable (1000h) 1.33 8.1 0.64 6.9 

250/2000nm Voc     (V) Jsc (mA/cm2) FF Eff (%) 

Initial 1.36 9.0 0.66 8.1 

Stable (1000h) 1.35 9.0 0.59 7.1 
 

Two “micromorph” tandems were deposited with, respectively, a 200 and 250 nm 
thick HWCVD a-Si:H i-layer made at 0.9 nm/s for the top cell and a 2 µm thick HWCVD 
µc-Si:H layer for the bottom cell. A 10 nm thick ZnO:Al layer was again used to protect the 
textured SnO2:F. The generated current in the tandem device was in both cases severely top-
cell limited in order to specifically study the effect of top cell current limitation on stability. 
Thus, the FF of the tandem cells is determined by that of the top cell. As the mismatch of the 
component cell currents is rather large the initial efficiency is not yet high and limited by the 
top cell current. Additionally, for a non matched tandem it is expected that the Voc will also be 
limited, because of charge accumulation at the n/p junction, which gives a compensating field. 
The ZnO:Al protection was again confirmed to lead to an EQE increase up to a wavelength of 
700 nm. Also the Voc is increased, from 1.31 V to 1.36 V. Results of light soaking for > 1000 
hours is shown in Table 4.4. The cells depicted are at virtually the same position. Both tandems 
have a degradation in FF smaller than 11 %.  For the 200 nm top layer the degradation is even 
limited to < 7 %. These observations confirm the trend as expected from the single cell results. 
Because the tandem cell with the thinnest top cell (200 nm) showed a light-induced 
improvement in Jsc, the overall efficiency of this solar cell is stable within only 5 % (Figure 
4.10). The figure also shows that a stable efficiency is already reached within 500 hours of light 
soaking.  The high deposition rate thin HWCVD a:Si:H top layer thus gives promising stability 
behavior in top cell limited p-i-n/p-i-n solar cells. 
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Figure 4.10: J-V curves of the 200/2000 nm HW proto-Si/HW µc-Si:H tandem cell in the initial state, 
after 500 h and after 1500 h of light soaking. It can be seen that, although the tandem cell is top-cell 
limited, true stabilization of FF and efficiency has already occurred at 500 h. The total efficiency 
degradation is limited to 5 %. 

 
Additionally, we deposited a 200/1000 nm HWCVD a-Si:H/µc-Si:H tandem cell on a 

texture etched ZnO:Al substrate provided by IPV Jüllich. The texture-etched substrate is 
expected to give enhanced light absorption in the top cell. The bottom cell thickness was 
slightly decreased in order to reduce the current mismatch.   

 
Table 4.5: Performance of a 200/1000 nm HWCVD proto-Si/HWCVD µc-Si:H superstrate 
pin/pin tandem cell before and after light soaking.  
 

200/1000 nm Voc     (V) Jsc (mA/cm2) FF Eff (%) 

Initial 1.39 10.0 0.61 8.5 

Stable (500h) 1.39 10.1 0.60 8.5 
 
Table 4.5 shows the initial performance and the degradation results after 500 hours of 

light soaking. The initial tandem cell indeed shows higher Jsc due to improved matching, 
although there is still 2.6 mA/cm2 difference in the current of the top and bottom cell, as 
observed in EQE measurements. Due to reduced mismatch the Voc indeed increased up to 
1.39 V. The initial FF on the other hand has been observed to decrease as matching is 
improved.  Nevertheless, the stability of this tandem cell is interesting; after 500 hours of light 
soaking the tandem shows perfect stability with only 1 % degradation of the FF and no 
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changes in efficiency. There is good potential for larger stabilized efficiencies by further 
reduction of the current mismatch, yet keeping the top cell limiting. This shows that HWCVD 
high deposition rate protocrystalline Si:H is a promising material for high rd, high efficiency 
and stable micromorph solar cells.  
 
 
4.7 Conclusions 
 
 ZnO:Al layers have been shown to be more stable against reactions with atomic 
hydrogen than SnO2:F, the optical properties do not deteriorate and the layer is not etched 
away. However, XPS measurements on ZnO:Al layers revealed the creation of a SiO2 layer on 
top of the ZnO:Al after treatment in a hydrogen plasma. This indicated that the ZnO:Al does 
react with hydrogen in presence of silicon. Also the observation of Zn peaks with a silicon n-
layer of around 30 nm on top reveals a low density of Zn particles present nearby the growing 
silicon surface.  
 A thin 5 nm ZnO:Al barrier layer has been successfully implemented as an effective 
protection layer on commercial SnO2:F TCO substrates for use in hot-wire deposited p-i-n 
type solar cells. A 12 nm p-layer, composed of 5 nm µc-Si:H and 7 nm a-SiC:H gives both 
good electrical and optical properties in the TCO/pin structure. The 5 nm ZnO:Al layer 
protects the underlying TCO from the high atomic hydrogen ambient during HWCVD i-layer 
depositions also at high deposition rate up to 3.5 nm/s and substrate temperatures up to 375 
oC. High efficiency p-i-n solar cells are obtained at very high deposition rates. We have 
achieved an 8.1 % initial efficiency at an rd of 2.1 nm/s for the i-layer. An initial efficiency of 
8.5 % with an rd of 1.6 nm/s  and at an rd of 3.2 nm/s a high efficiency of 7.5 % is obtained, 
while decreasing the i-layer deposition time to only 3-4 minutes.  

Further we have shown that the HWCVD technology yields wide-gap silicon thin films 
at high deposition rate showing enhanced stability. For layers thinner than 300 nm a decrease 
in FF of less than 10 % was observed for all layers independent on deposition rate up to 3.2 
nm/s.  Material made at 0.9 – 1.0 nm/s has been shown to have protocrystalline nature, 
leading to stable behavior in micromorph p-i-n/p-i-n superstrate cells that have deliberately 
been made to be top-cell limited. We demonstrate micromorph tandem cells with 8.5 % 
efficiency, showing zero light induced degradation over 500 h, although the amorphous cell is 
current limiting. By further tuning of the current mismatch, the stable efficiency can be further 
enhanced. This method may avoid the need of an intermediate dielectric reflector layer in 
multijunction solar cells.  
  All solar cells showed recovery to within 2 % of their original performance after 
annealing and no dependence on the stability is seen for solar cells up to deposition rates of 3.5 
nm/s. HWCVD has thus shown its potential for high efficiency and good stability amorphous 
silicon solar cells at unprecedented deposition rates.  
 



 

 
 
 
 
 
 
 

5 
Control of texture-grown 
polycrystalline thin films 

 
 
 
 

5.1 Introduction 
 

Rough reflecting back contacts are normally used to enhance the short circuit current 
in substrate type n-i-p solar cells. Commonly used materials are polycrystalline Ag or Al films 
that have a high reflection coefficient. These metals can be grown with texture as deposited 
and no additional treatment steps, like chemical etching, are needed.  All successively grown 
layers would approximately follow the surface roughness of this bottom layer. The roughness 
of these interfaces is considered to be the key for efficient light trapping [82, 83]. 
 From the literature, it is known that both the vertical as well as the lateral properties of 
the surface roughness from a front TCO are important for an effective light scattering process 
[84, 85].  In addition we found a strong correlation between the rms roughness at specific 
features sizes of the back contact and the long wavelength light generated current in 
microcrystalline solar cells. This correlation will be described in Chapter 6. For this specific 
technological application we need a well designed morphology of the back contact. Therefore, 
it is essential to have a better understanding and control of the growth process of these 
texture-grown polycrystalline metal layers. 
 Extensive studies on the correlation between deposition parameters and film structure 
over the past decades have given insight and understanding in the film formation process. It 
has led to the structure zone model (SZM) that explains the structural evolution of film 
growth. The SZM has been reviewed by Thornton and Barna [21, 22, 86]. Barna  et al. describe 
in several papers some fundamental growth phenomena of polycrystalline films [87, 88, 89, 90]. 

89 
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They identify the various growth regimes for metal film formation and explain their 
observations on texture development for crystal growth with four different growth zones, 
which are mainly temperature related. In addition they show growth differences in the growth 
process of pure metal (basic SZM) and multiphase or contaminated metal films (real SZM) [88, 
89]. In this study we have used the theoretical description of the structure zone model to 
understand and control the growth of texture development of sputtered Ag back reflectors.  

In this chapter we will present a growth evolution study of texture-grown Ag layers 
deposited by magnetron sputtering at several substrate temperatures. By AFM we have 
analyzed the surface features, which are a direct indication of the texture development and the 
growth of crystals. We will indicate the different growth zone regimes and explain the 
differences in texture evolution on the basis of the surface characteristics. Furthermore it is 
explained and demonstrated how to control both vertical and lateral sizes of the surface texture 
in order to engineer a more efficient light scattering back contact. 
 Finally a challenging question is whether it is possible to grow an effective light 
scattering back reflector at minimized substrate temperatures. Nowadays many industries opt 
for thin flexible substrates in highly cost effective roll-to-roll production processes [91, 92, 93]. 
The flexible substrates are made of high temperature resistant plastics up to 300 oC with the 
exception of metallic foils such as SS or Al for which higher temperatures can be used. 
However, common temperatures for highly textured Ag surfaces are around 400 oC, which are 
only suitable for SS or glass substrates. We will demonstrate that with use of multiphase films 
and oxygen contamination it is possible to grow a high rms roughness with substrate 
temperatures around 300 oC. 
 
 

5.2 Growth mechanisms 
 
 The growth of microstructural thin films proceed through consecutive steps that 
include nucleation, island growth, coalescence of islands, formation of polycrystalline islands, 
development of a continuous structure and film growth. The first stages of crystal formation 
(nucleation and crystal growth) are mainly temperature and substrate dependent and will 
determine the behavior of the film growth [22, 94].  For the type of substrate used in this study 
(amorphous Corning glass) it should be noted that the nuclei will be randomly orientated.  

During the stage of crystal coalescence, coarsening of the film through diffusion and 
grain boundary motion will play a dominant role on the texture depending on the temperature 
and sizes of the crystals. From this stage on, the texture of the film will evolve according to 
two selection mechanisms. The selection can either be influenced by: 1) restructuring of the 
growth or 2) competitive growth.  

Restructuring of the surface starts when the grain boundaries are highly mobile and 
bulk diffusion is significant. There will be a pronounced selection of the orientation during the 
coalescence of the islands. This is also called normal grain growth. The larger islands with  
lower surface energy per atom consume the smaller and unfavorably oriented islands. A new 
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crystal island with a minimized surface and interface energy is created. This leads to a preferred 
orientation of the crystals. Islands with the densest planes are preferred. Therefore, the Ag fcc 
structures used in this study will typically grow with a preferred (111) direction [88]. The 
normal grain growth can be followed by abnormal grain growth if the grains have a strong 
preferred orientation or reach large diameters. With abnormal grain growth the grain 
boundaries will migrate and larger grain diameters with columnar crystals and flat surfaces will 
be obtained.  

When islands have large surface to volume ratio the grain boundary migration is 
limited. The selection in preferred orientation is incomplete and random. During the 
subsequent growth process a competition between the neighboring grains is started. The faster 
growing crystals will overgrow the slower growing ones and a v-shaped crystal is formed. As a 
consequence there is a development of changing morphology with increasing film thickness. 
Additionally, competitive texture growth can occur if incorporated inhibitors prefer certain 
crystal orientations to develop growth blocking layers. This orientation dependent segregation 
allows crystals that are not covered with a surface covering layer to grow over the other 
orientations that are inhibited. In case of aluminum and oxygen systems it is known that 
certain crystal orientations are not blocked by the impurity species.[95, 96] 
  
 
5.3  Structure zone model 
 
These different growth mechanisms are part of the structure zone model described in the 
literature [22, 86]. In each zone a different type of mechanism will be dominant depending on 
the substrate temperature and contamination level. Four different types of zones for 
microcrystalline evolution are distinguished and can be visualized as in Figure 5.1. 
 

Zone I Zone III Zone II Zone T 

 
 

Figure 5.1: Four different types of zones for polycrystalline material evolution are distinguished in the 
structure zone model.  
 
1: Zone I corresponds to a very low temperature interval typically 0 < Ts / Tm < 0.2, 
where Ts and Tm are respectively the substrate temperature and the melting point of the metal. 
During this interval the surface diffusion of atoms is negligible and a fiber like structure is 
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developed. The small fibers have diameters between 1 – 10 nm depending on the nucleation 
density. The structure evolution with the film thickness is homogeneous. With increasing 
temperature the diameter of the fibers is increased. The surface roughness is developed in a 
fractal geometry [97]. 
 
2: At a higher temperature interval (zone T) 0.2 < Ts / Tm < 0.4, surface diffusion is 
increased and grain coarsening of small islands occur. This is followed by a competitive growth 
evolution. The film evolution of the film growth is inhomogeneous and the grains are V-
shaped. A weak preferred orientation develops. The preferential orientation is strengthened 
with increasing temperatures. At larger thicknesses the film can grow columnar if a nearly 
unique crystal orientation is obtained. The surface roughness is changing with increasing 
thickness. At higher temperatures the grain sizes will increase. In the transition regime to zone 
II there is an increasing role of lateral grain growth. 
 
3: Zone II is a characteristic for high substrate temperatures Ts / Tm > 0.4 where the 
effect of grain boundary migration becomes dominant. The growth in zone II can evolve in 
two different ways; normal grain growth and abnormal grain growth [90, 98, 99]. For normal 
grain growth the driving force to restructure is to reduce the total area of the grain boundaries. 
Small grains are dissolved by coalescence and grain coarsening. The energetically most 
favorable situation is that the large grains grow at the expense of small ones and a preferred 
grain orientation follows. The film will be composed of columnar crystals with the same 
orientation. The surface roughness during thickness development stays roughly unchanged. 
Lateral sizes are increased with increasing temperature. Secondary recrystallization or abnormal 
grain growth occurs due to the surface energy differences of the neighboring grains. The 
driving force reduces the energy of the film surfaces. It is expected that the film restructures to 
larger lateral sizes and a stronger preferred homogeneous orientation and additional the surface 
roughness is leveled off.  
 
4: Zone III consists of spherical grains, due to the continuous blocking of the crystal 
growth and the successive development of new nucleation sites. This zone generally belongs to 
the high temperature region; however, it can exist at every substrate temperature depending on 
the inhibitors present. Barna et al. [88] describe this blocking concept in the real structure zone 
model, according to which co-deposition of impurity species is hardly avoidable. These 
impurities are already active while they are not detectable. Depending on the impurity 
concentration impinging on the substrate a zone II type of growth can be changed to zone T, 
zone III or even completely amorphous. Generally, with small contaminations the grain 
mobility is reduced, which decreases the lateral sizes. With oxygen and aluminum species in a 
silver matrix, segregation occurs at specific grain orientations and a competitive growth texture 
is developed [89]. At higher concentrations all grains are completely blocked and the film will 
be composed of globular grains with random orientation. 
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All these structure forming phenomena are responsible for both the development of 
morphology and the crystal structures and can be recognized by XRD, AFM and TEM 
measurements. 
 
 
5.4  Experimental 
 

XDR 

ARS
+ 

UV-VIS total  
reflection 

AFM

10 cm 

10 cm 

 
 
Figure 5.2: The position of the samples on the 10 cm x 10 cm substrate and the characterization method 
used for the sample on each position such as XRD, AFM, ARS and total reflection measurements.  
 
Sample preparation 
 
 In a first series of samples, Ag polycrystalline films have been deposited by reactive 
magnetron sputtering with the use of a 7 inch 99.99% pure Ag target. The samples have been 
prepared on 10 cm x 10 cm Corning 1737 F glass substrates. Samples cut from the middle part 
of the substrate have been used for characterization as can be seen in Figure 5.2. With fixed 
deposition parameters various layers were grown with thicknesses around 200 – 500 – 1000 – 
2000 nm at several substrate temperatures, as depicted in the next section in Table 5.1. The 
temperatures are chosen in the range for structure zones T and II and around the transition of 
these zones. The accompanying Ts / Tm values are indicated in the table, considering a melting 
point for Ag of 1235 K.  
 In the second series a 99.99% Ag:Al target has been used with 1% Aluminum doping. 
Aluminum is used as a highly reactive material with oxygen contaminants from the walls of the 
deposition system and used for creation of AlOx inhibitors during film growth. It is expected 
that the sputter system is not free from a reasonable amount of oxygen contaminants. 
Moreover, it is a multi target system that includes metal oxide targets and depositions to the 
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wall, shields and substrate holder can not be avoided. It is assumed that oxygen species can 
easily be picked up from these sources. Samples have been made with the same thickness 
variations at the two highest substrate temperature ranges (Zone T, Zone II). Additionally a 
third series was made with a 0.3 % oxygen dilution in the Ar atmosphere in order to enhance 
the blocking of grain growth.  
 
Sample characterization 
 
 The surface structure of the samples has been analyzed by atomic force microscopy 
(AFM) measurements as described in Section 2.4.2. Roughness analyses and power spectral 
density (PSD) plots are used as a measure for the vertical height. An estimation of the mean 
diameters has been made on 10 micrometer X 10 micrometer measurements. Additionally, the 
correlation length (CL) is calculated from a 2 dimensional autocorrelation plot. The average 
distance from the middle to the 1/e value of the maximum peak of this FFT spectrum has 
been used as a measure for CL. XRD has been measured in order to analyze the structure 
composition. Crystal sizes have been determined from the FWHM of the individual peaks. The 
surface area ratios of the peaks have been used to estimate the fraction of a specific grain 
orientation in the sample. The parts of the sample that are used for the different method of 
analysis are chosen to be near each other, as indicated in Figure 5.2. In this region the sample is 
assumed to have good temperature homogeneity during deposition. The black circle is 
indicating the boundary for 10 % thickness difference. Characterization measurements of the 
angular resolved scattering and total reflection measurements are presented in Chapter 6 and 7. 
 
 
5.5 Surface texture development of pure silver films 
  
 Table 5.1 lists deposition parameters of various Ag layers of the first series along with 
the morphological parameters as measured by AFM. The basic (pure) growth zones that 
correspond with the used substrate temperatures are indicated, as compared to the literature. 
The rms roughness, correlation length (CL) and feature size as determined by the AFM images 
are compared. Additionally, we have indicated the real (impure) growth zones of the Ag films 
that are considered to correlate with the morphological parameters. It is observed that the 
measured mean feature diameter and the correlation length of each temperature series can be 
correlated. This could be expected as the CL should give an indication of the lateral sizes. 
Increased feature diameter results in larger CL for the layers, apart from the layers with low rms 
( < 13.4 nm ) values. For these layers we have to take into account a larger error value for the 
calculation of CL. Due to the low rms roughness, the bending of the substrate becomes more 
significant, which results in an experimental error in the FFT calculation and overestimated CL 
values. Therefore, from this point on, we will use the mean feature size diameter as a value for 
the lateral surface dimensions.  
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Table 5.1: Ag deposition and corresponding morphological parameters, such as rms, correlation length 
(CL) and mean lateral feature sizes. 

 
Tsub 

(oC) 
Tsub/Tm

Growth  
zone basic 

Thickness 
(nm) 

rms  
(nm) 

CL  
(nm)

Feature 
size (nm) 

Growth 
zone real

90 0.30 T 250 3.7 75 200 T 
   600 8.0 75 250  
   1350 13.4 122 330  
   2600 20.4 218 400  
        
180 0.37 T-II 280 8 150 450 T 
   450 32 134 660 II 
   1215 29 189 710 II 
   2270 26 247 910 II 
        
270 0.44 II 220 64 500 1700 T 
   700 92 563 2250 II 
   1300 80 617 2500 II 

   2400 79 633 2900 II 
 

In the basic structure zone model a Tsub of 90 oC is considered to be in the middle of 
the zone T. As indicated in Figure 5.3 with the solid squares this is the lowest temperature used 
in this research. In this case, clearly both rms roughness and feature sizes are small and keep 
increasing with increasing film thickness. Thus, the vertical as well as lateral sizes of these 
surface features clearly show a linear correlation in growth, a clear indication of v-shaped 
grains, which grow broader further away from the substrate and are not inhibited in either 
direction. This indicates that deposition takes place in the competitive texture growth in the 
real structure zone T.  

For the 180 oC substrate temperature deposition that corresponds to the high 
temperature region of the basic structure zone T, it is seen from AFM that the rms roughness 
stays roughly constant for films with thickness above 500 nm. The clear increase in feature 
diameter and constant leveling off of the roughness (as shown in Figure 5.3 with the solid 
circles) indicate that grain boundaries are able to migrate, thus restructuring of the surface 
takes place. The dominant (111) orientation from the low temperature region in zone T is not 
increased in this high temperature region. On the contrary, it decreases as can be seen from 
Figure 5.4. This would be in contradiction with the competitive structure growth where the 
preferred orientation is strengthened with temperature. Therefore, it is believed that this 180 
oC Tsub series better coincides with the real (contaminated) structure zone II.  
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Figure 5.3: Evolution of rms roughness against the diameter of the surface features at different 
temperature regions and impurity levels. The arrows indicate the increasing layer thickness of the films. 
The trend in the evolution reveals the type of growth of the layer (competitive, restructuring). 

 
Within zone II an increase in feature size is expected when going to higher deposition 

temperatures. The highest Tsub at 270 oC is positioned in the basic structure zone II. Both the 
rms roughness as well as the feature diameter are increased compared to the case of 180 oC 
series. Again it is seen that the rms roughness stays approximately constant for films above 700 
nm thickness while the diameter keeps increasing. This is the indication of restructuring of the 
surface within zone II similar to what was observed in the 180 oC series. Both the series show 
an increase in rms roughness with increasing films thickness up to 500-700 nm. In Figure 5.3 it 
can be seen that the corresponding feature diameters at the peak of the rms roughness are 700 
and 2200 nm for the 180 oC and 270 oC series respectively. Clearly, this indicates that in the 
first stages of film growth the rms roughness scales with the diameter and film thickness and 
there is enough grain migration and surface diffusion so that grains are growing without any 
limitations in either direction, laterally and vertically. This trend is similar to what is expected 
to be observed during competitive growth. Up to a certain feature diameter depending on 
temperature this growth can occur uninterrupted. At that point a state is reached where it is 
energetically more favorable to grow only in lateral dimension and coarsening of the grains is 
blocked. In our observations this restructuring starts at a diameter to thickness ratio of 1.4 and 
3.2 for the 180 oC and 270 oC respectively. Additional analysis of layers at intermediate 
temperatures showed a linear behavior of the feature diameters where restructuring starts with 
the kT values at which the layers are deposited, as indicated in Figure 5.5. This clearly infers 
that the coarsening of the surfaces is strongly related to the minimization of either the surface 
energy or the grain boundary energy. 
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Figure 5.4: Dependence of fraction of (111) orientation on rms roughness for different temperature 
regions and impurity samples. The arrows indicate the direction of increasing layer thickness. 
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Figure 5.5: Dependence of the feature diameter for restructuring on kT value. With increased substrate 
energy, larger feature diameters and thus rms roughness (Figure 5.3) are reached before the restructuring 
of the layer. 
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The competitive growth or restructuring as described by the literature and observed by 
the morphology should also be seen in the grain orientations, which can be obtained by XRD 
measurements [100, 87]. Figures 5.4 and 5.6 show the orientation changes with respect to the 
(111) direction compared to the development of rms roughness and feature sizes during film 
growth.  

In the high temperature region of zone II the grain boundaries are mobile and 
minimization of the surface and interface energy control the grain growth. The (111) 
orientation will be preferred in the most pure Ag film case. In Figure 5.6 (solid triangles) a high 
amount of {111} texture is present for the thin film with the smallest surface feature diameter 
and rms roughness. During film growth, however, the fraction of (111) orientation decreases. 
During the restructuring phase the decrease saturates at a level of 65%. The decrease actually 
reveals that a small contamination is present and inhibiting the mobility of the grain 
boundaries, thus allowing other directions to be substantially pronounced. At this high 
temperature the decrease in the (111) crystal growth direction is mainly attributed to an 
increase in (100) and to a lesser extend in the (110) and (310) directions. Because the {100} 
crystal faces, which is parallel to the surface and not protruding are preferred, it is reasonable 
to assume that this causes the leveling off of surface roughness during restructuring. The 
contamination is not sufficient to inhibit restructuring. 
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Figure 5.6: Dependence of fraction of (111) orientation on surface feature diameter for different 
temperature regions and impurity samples. During restructuring of the high temperature deposition 
layers the decreasing (111) fraction is reverted. The arrows indicated the direction for increasing layer 
thickness. 
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At the lower temperature region of zone II (the solid circles in Figure 5.4 and 5.6) 
clearly a decreased fraction of (111) orientation is present at the lowest film thickness 
compared to the high temperature region. This decrease is expected due to a lower diffusion 
and impeded grain boundary migration, which allows other directions to survive. Observed 
also is that mainly the (100) direction contributes to the surface orientation. During increasing 
film thickness and restructuring of the surface in this case the fraction of (111) direction 
decreases down to a complete randomly oriented surface where all other ((100), (110) and 
(310)) directions are present around 25%. This can again explain the leveling off of the surface 
roughness during restructuring. 

For structure zone T growth a preferred orientation should be evolving during 
thickness growth. This orientation has the lowest diffusivity plane that grows faster than all 
other directions. The 250 nm film has already developed a strong preferred (111) orientation of 
the Ag fcc structure, as can be seen in Figure 5.4. The (111) orientation is the preferred low 
diffusivity direction; however, it is not further increased at thicker films as expected for pure 
competitive film growth. A slight decrease is seen where both the (220) and (310) orientations 
increase. This again reveals the presence of a little contamination.  

The Ag layers above clearly show that for both growth zone T as well as II the rms 
roughness is limited. Growth zone T shows increasing rms roughness with increasing film 
thickness, however, due to a low surface diffusion and lack of grain boundary migration the 
grain sizes and therefore the feature sizes on the surface in both lateral as well as vertical 
directions are limited. Within growth zone II this grain size increases with increasing 
temperature, however, due to restructuring texture growth the rms roughness stays constant or 
levels off with increasing thickness as more and more grains are coalescing. Figure 5.3 shows 
the evolution of rms roughness with increasing layer thickness with the indicated growth zones 
from Table 5.1 and 5.2. 
 
 
5.6  Introduction of AlOx inhibitor particles 
 

For an efficient light trapping structure it is assumed that high rms roughness is needed 
together with features sizes that are similar to the wavelengths that have to be scattered (650-
1000 nm). A delay of restructuring of the surface roughness and a decrease in the lateral 
diameters of the features can be obtained by blocking the crystal growth with inhibitors. The 
inhibitors can be a second component of a highly reactive metal in combination with oxygen 
contaminants. This will build in metal-oxide regions that block the lateral growth of the 
dominant metal crystals. For this purpose we studied the film growth using Ag:Al (1%) targets, 
with or without a 0.3 % oxygen dilution of the Ar sputter gas. Furthermore, oxygen from the 
surroundings of the system are considered to be the source of contamination for the pure Ar 
case. The XRD results of the pure Ag case already suggest that a small amount of 
contamination is present. The Al reacts more effectively than Ag with oxygen contaminants in 
the gas phase and creates AlOx that serves as an efficient inhibitor for crystal growth [89, 95]. 
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The AlOx will be active in both decreasing the grain mobility and therefore lateral grain growth 
as well as inducing competitive growth of crystals due to preferred blocking of specific crystal 
faces. For example in aluminum films a diminishing of the {111} crystal is observed 
concomitant with increasing (311) and (100) orientations [22]. 

 
Table 5.3: Ag:AlOx deposition parameters and morphological parameters of Ag films in growth zone III. 
 

Tsub  
(oC) 

Tsub/ Tm

Thickness 
(nm) 

rms  
(nm)

CL 
 (nm)

Feature size 
(nm) 

Growth 
Zone 

180 0.37 200 3 160 240 T 
  470 8 132 380 T 
  1000 23 129 680 T 
  1920 21 154 1000 II 
       
270 0.44 300 54 229 1000 T 
  680 125 376 2000 T 
  1250 179 451 2400 T 
  2020 63 538 3500 II 
 
Ag:AlOx growth at 180 oC shows decreased sizes in both vertical as well as lateral 

directions as can be seen from the open circles in Figure 5.3 . Mainly the lateral direction is 
inhibited as expected by blocking of grain boundary migration. The figure shows a delay in 
restructuring compared to the ‘pure’ Ag case. This restructuring occurs in both cases at the 
same surface feature diameter, however, the film is thicker in the contaminated case. 
Therefore, restructuring at a decreased diameter to film thickness ratio from 1.4 to 0.7 is seen. 
The amount of (111) orientation in Figures 5.4 and 5.6 shows the same behavior as the “pure” 
Ag case, however, both feature diameter and rms roughness show a delay in evolution. This 
confirms the conclusion that the “pure” Ag case shows contaminated characteristics.  

The high temperature layers (T = 270 oC) of structure zone II clearly show with 
increasing films thickness an increase in rms roughness in combination with increasing feature 
diameters. The feature sizes are, compared to the case without aluminum and oxygen doping, 
smaller and an additional oxygen dilution of 0.3% in the gas phase showed a further decrease 
in the sizes. This indicates that the grain boundaries are limited in movement. Figure 5.3 shows 
the correlation in rms roughness and feature diameter. Up to 2350 nm a linear correlation is 
seen as was observed in case of structure zone T, which indicates competitive growth texture 
induced by blocking of crystal faces in certain directions and v-shaped grain growth. The 
highest rms roughness value obtained is 179 nm. This is significantly higher than in the pure 
case. Figure 5.4 and 5.5 show a large decrease in the fraction of (111) orientation, this occurs 
on the account of increased (100), (110) and (311) orientations up to an almost complete 
randomly orientated phase. Above lateral sizes of 2350 nm a complete restructuring of the 
surface texture takes place as was also observed for the “pure” Ag case. Further, in contrast to 



Control of texture-grown polycrystalline thin films                                                           101 

the normal grain growth of “pure” Ag the restructuring is considered to be due to abnormal 
grain growth. This is supported by the observation that the diameter size increases drastically 
while the lateral height is flattened in combination with a complete recovery of (111) 
orientation as can been seen in Figures 5.4 and 5.6. It has also been discussed in the literature 
that abnormal grain growth is favored when impurities are adsorbed to the free surfaces, which 
leads to a decrease in the differences of the surface energy between the grains [90]. 

It is inferred from the above data that the Al impurity acts as inhibitor in the Ag film 
growth. Both the structure zone II series show a delayed restructuring with film thickness and 
surface feature diameters are decreased. For the low temperature case there is not enough 
energy for grain coarsening and rms roughness is low. Restructuring occurs at the same feature 
diameter as in the case of “pure” Ag films. In the higher temperature region the surface energy 
is high and allows grain coarsening and increased roughness. Only the lateral sizes are blocked 
and V-shaped characteristics in growth are seen. The rms roughness is increased up to the 
restructuring and abnormal grain growth. The restructuring occurs again at the same feature 
diameter as for the “pure” Ag case. 
 
 

5.7 Control of surface features 
 

From the literature, it is known that the average feature sizes of films under clean and 
contaminated conditions show an exponential dependence with the reciprocal substrate 
temperature. For clean films the increase with temperature is faster. Figure 5.7a and 5.7b show 
this dependence for the “pure” Ag series and the Al impurity series respectively. The slope of 
the “pure” series, which has been seen from the XRD data to have contaminated 
characteristics, is comparable to what is shown in the literature for pure Ag growth. [87] This 
discrepancy can easily be explained by differences in calibration of the substrate temperature 
and taking into account systematical errors in different systems. The temperature calibration 
for our system is described in Appendix (A). The Al impurity depositions should give a slope 
that is less steep compared to the “pure” series. The series data points suggest that this trend is 
not observed (although no line can be fitted with only two points). Hence, we used the same 
slope trhough these points as for the “pure” case, reasoning that the changes in diameter 
increase are small.  

Both figures show also the dependence on thickness. As the increase in diameter with 
thickness is linear for all the cases, this results in a line that is shifted upwards and a same kind 
of slope is expected, as is shown. A horizontal cross section of this figure tells us at which 
temperatures and thicknesses a specific average feature diameter can be obtained, independent 
from structure zones and the different growth phenomena. The figure gives a lot of knowledge 
and based on it the control of the surface feature diameter during film growth at different 
temperatures is possible. Introducing contaminants during film growth will lower the lines in 
the figure.  
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Figure 5.7: Reciprocal Ts/Tm value against log of the mean feature diameter at different thickness for 
pure case (a), and the contaminated case (b). 

 
The rms roughness is not given in these plots, because of its dependence on structure 

zone and growth. However, for good light trapping a high rms roughness is preferred. 
Throughout the literature a general trend is seen that increased rms up to a certain value gives 
increased light absorption in solar cells. For n-i-p silicon solar cells high values between 50-100 
nm are preferred. As is described in the literature and the next chapter it is considered that 
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both the rms roughness and the specific feature diameters are important for efficient light 
scattering. The rms values in these pictures give us the specific parameters for optimized 
texture growth of the Ag films suitable for solar cells.  The light gray patterned rectangle in 
Figures 5.8a and 5.8b indicates average feature diameters in the range of 600-1300 nm, which 
are considered to give optimal light scattering in n-i-p solar cells [101]. Furthermore, the black 
curved line indicates the position of films that have shown an rms roughness above 80 nm. For 
lower roughness the line will be widened and shifted down to the right along the linear lines. 
For higher roughness the opposite trend is seen. 

As can be seen clearly for the “pure” Ag series no overlap in high rms and specified 
feature diameter is seen. The combination is limited by 60 nm rms roughness and lower or 
2000 nm feature diameters and higher. In the Ag:AlOx series higher rms roughness in 
combination with smaller diameters were obtained as explained in the previous section. 
Therefore, the 80 nm rms line in shifted and overlapping the diameter rectangle, thus an 
optimal combination can be obtained. At this point the question arises if the rms or the lateral 
size in this region is more dominant for optimized light scattering. The next chapter will give 
more insight in this problem. For these series we can only choose an overlap which combines 
high surface feature diameters around 1200 nm and rms roughness around 80 nm. Additionally 
it is observed that an overlap between the optimal lateral and vertical sizes can be obtained at 
substrate temperatures below 300 oC, of which the position is indicated by the arrow. The 
importance of this temperature will be described in the next section.  
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Figure 5.8: Reciprocal Ts/Tm value against the log of the mean feature diameter at different film 
thicknesses for both the uncontaminated (a) and contaminated (b) Ag case. Indicated are: The diameter 
range 600-1300nm (patterned rectangle), the 80 nm rms roughness border (black line) and the 300 oC 
substrate point (arrow). 
 
 
5.8 Low temperature Ag films 

 A 
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Figure 5.9: 3D images of AFM on Ag:AlOx layers with (a) 280 and (b) 700nm thickness respectively. A 
combination of large roughness (72, 122 nm) and medium average feature diameters (830, 1600 nm) is 
obtained 
 
 With the use of multiphase elements and contamination it is possible to grow larger 
textured features with different sizes, which would otherwise be limited by the high diffusion 
and restructuring of the layers. This should give us the ability to grow surfaces with high rms 
roughness and specified features at lower substrate temperatures. This is usefull for thin film 
solar cells in roll-to-roll production on flexible substrates [102]. For this purpose the typically 
require temperatures of 350-400 oC should be limited [83]. Heat resisting plastic substrates 
nowadays limit this maximum deposition temperature to below 300 oC [102]. This triggers the 
question if it is possible to grow highly efficient textures at these low temperatures. 
 As can be seen from Table 5.1 a typical pure Ag sample shows reasonable high rms 
roughness, however, the features sizes are more than four times the wavelength of the light 
that has to be scattered on this surface. From the literature it is shown that the lateral sizes also 
influence the light scattering drastically. If we want to limit these lateral sizes to a maximum of 
double the wavelength sizes, around 1400nm, then temperatures lower than 270 oC are needed. 
This, however, limits the rms roughness drastically. With use of contaminants, the growth in 
these lateral sizes can be inhibited and smaller features with reasonable rms roughness can be 
obtained. Table 5.2 shows thin Ag films of only 280 and 700 nm thickness with features 
diameters that are limited to 830 and 1600nm and reasonable high rms roughness of 73 and 122 
nm respectively. Figure 5.9 shows the three dimensional AFM picture of these films. A high 
efficiency of 8.1 % is obtained for a 1500 nm n-i-p µc-Si  solar cell with the back reflecting 
contact comprising the 280 nm thin Ag:AlOx layer and 500 nm ZnO:Al TCO layer. Table 5.3 
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shows the J-V parameters of the best cell. A Jsc of 20.9 mA/cm2 is obtained, which can be 
regarded as reasonably high for these thicknesses [101]. The external quantum efficiency 
measurements show 20.0 mA/cm2 and indicate a lack of red light absorption. This is 
confirmed by total integrated reflection measurements where, compared to pure Ag films over 
a wide wavelength range an absorption loss is seen. This loss is accounted to the increase in 
plasmon absorption due to the specific obtained morphology. This plasmon absorption loss 
will be described in more detail in the Chapter 7.    
 
Table 5.3: J-V parameters of the best cells deposited on the Ag:AlOx back contacts with different surface 
roughness. 

Ag:AlOx

thickness (nm) 
rms roughness 

(nm) 
Jsc  

(mA/cm2)
Voc (V) FF Efficiency (%)

280 73 20.9 0.57 0.68 8.1 
700 122 21.8 0.55 0.61 7.3 

 
 
5.9 Conclusions 

 
Insight and understanding in grain growth of magnetron sputtered Ag films, especially 

in the presence of contaminants, is obtained. The observed film evolution for pure films can 
be explained by the fundamental growth phenomena and the structure zone model. We 
observed for structure zone II films that restructuring of the surface roughness occurs at 
different lateral surface feature diameters that are linearly dependent on temperature. For 
higher kT values restructuring can be extended to higher feature diameters. Introducing Al 
impurity during film growth builds in AlOx inhibitors on the crystal faces and grain boundaries. 
The impurity has shown to decrease the lateral grain growth and thus delays the restructuring 
of the surface. The elongated competitive growth trend, therefore, increases the surface 
roughness to values up to 179 nm. Restructuring of the surface, is again observed at the same 
feature diameter as for the “pure” Ag growth and therefore impurity independent. Apart from 
the surface restructuring also the structure is restructured, in the case of the contaminated high 
temperature series. It is observed that the layer direction reverts during restructuring again to a 
dominated (111) orientation. 

The reciprocal temperature dependence on feature diameters plotted for different 
thicknesses, gives control of the film growth over a wide range of temperatures.  Including the 
rms roughness in this picture gives a fingerprint for the surface morphology at different growth 
parameters. The Ag:AlOx films show an overlap in high rms value and small feature diameter, 
which is believed to be more optimized for light scattering in n-i-p solar cells.  

These efficient light scattering surfaces can already be obtained at temperature below 
300 oC, which is suitable for high temperature resistant plastic substrates that can be used in 
roll-to-roll production. We have shown a high Jsc for 1500 nm µc-Si:H n-i-p solar cells with 
back reflectors deposited at temperatures around 280 oC.  



 

 
 
 
 
 
 
 

6 
Correlation between the 

surface morphology and the 
current enhancement in  

n-i-p silicon solar cells 
 
 
 
 
 
 

6.1 Introduction 
 
 In order to enhance the generated photocurrent in thin microcrystalline silicon solar 
cells, effective light trapping schemes are needed. Microcrystalline silicon fundamentally has a 
low absorption coefficient due to its’ indirect band gap. Therefore, the incident light needs to 
travel through thick films of the active material in order to be completely absorbed. In case of 
thin microcrystalline layers, rough interfaces at the front or back of the active material can 
increase the path length of the light and consequently increase the absorption.    
 For microcrystalline silicon substrate type n-i-p solar cells, normally highly reflective 
rough Ag back contacts are used to create light scattering interfaces. Optimization of light 
reflection at wide angels can lead to total internal reflection and light trapping inside the 
current generating absorber layer. Therefore, better understanding of the relation between 
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surface morphology and light scattering properties is needed in order to develop better light 
trapping schemes. 
 The morphology of the interfaces is considered to be the key to efficient light trapping. 
However, the role of the surface structure is not completely understood. Root-mean-square 
(rms) roughness, angular resolved scattering (ars) values and haze values are normally used to 
indicate the amount of scattering, but they do not quantitatively correlate with the current 
enhancement in the solar cell [85].  In addition to the vertical characteristics, such as rms 
roughness, it has been shown that also the lateral properties of the surface play an important 
role in the light trapping process [84, 85]. This chapter will give some fundamental insights on 
light trapping process in thin films. It will give an overview of reported trends from the 
literature and give the fundamental grounds for how both vertical as well as lateral properties 
of the surfaces can be combined in order to obtain a better indicator for the light induced 
current generation potential of solar cells.  
 Consequently, the question arises whether experimental back reflectors with a wide 
range of different morphologies, as described in Chapter 5, indeed can be correlated with the 
current enhancement in microcrystalline n-i-p solar cells. This study will discuss an improved 
experimental correlation between the surface morphology and the current generation over a 
wide range of different structures.  
 
 
6.2 Light management 
 
 In the world of light management in solar cells the mainspring of the research is the 
challenging issue to increase the light absorption in a weakly absorbing thin layer. This can be 
done by light trapping, light scattering or changing the photon energy of the incoming light by 
up or down conversion. In all cases one has to consider the refractive indices, the reflection, 
transmission and absorption (bulk and surface) of all the participating layers, all parameters 
that are wavelength dependent. Additionally, the propagation behaviour of each wavelength, 
like interference, scattering and refraction, is again dependent on the surface morphologies of 
the encountered interfaces. An optimal structure for solar cells is obtained when the light in 
the range from 400-1100 nm enters the cell with negligible reflection loss on the front 
air/TCO (for substrate type cells) and TCO/silicon interface. Moreover, there should be 
negligible absorption loss in the front and back TCOs and from plasmons in the back Ag 
contact. The path of mainly the long wavelengths should propagate under a wide angle from 
the substrate normal and preferably under angles wider than the critical angle (> the escape 
cone), so that light trapping between the TCO layers can occur.   
  This chapter will concentrate on the improvement of current enhancement in µc-Si n-
i-p solar cells. Figure 6.1a shows a schematic drawing of a substrate type solar cell that is 
typically used in this research. The bottom contact is composed of a textured (rough) 200-2000 
nm thick Ag layer covered with a 100-500 nm thick ZnO:Al TCO layer. The silicon n-i-p 
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structure with a 1500 nm thick i-layer is deposited before the final 80 nm thick sputtered ITO 
front contact. The picture is not to scale: the rms roughness (σ) of the Ag back reflector is 
typically one order of magnitude smaller than the lateral feature length (L) and the i-layer film 
thickness. Nevertheless, for thin layers the morphology at the front is to a large extend 
dominantly determined by the morphology of this back reflector and can not be seen 
independently, especially, if the back contact has a large rms roughness value and the i-layer 
thickness is smaller than 2 µm. For thicker i-layers the dominant factor that determines the 
morphology of the front part is the natural surface roughness of the grown µc-Si i-layer as has 
been shown with the STAR structure (natural surface texture and enhanced absorption with 
back reflector) from Kaneka [103]. 
  As can be seen in Figure 6.1a, light entering the front part of the solar cells, 
encounters several structured interfaces and passes through several layers with different 
refractive indices. The effective wavelength in the medium of any of the component layers is 
given by λeff = λair/nmed(λ). Because our interest in the µc-Si layers lies in its use as the bottom 
absorber layer for a triple junction solar cell (Chapter 1) [104], we can make life easier and 
mainly focus on increasing the path length of the long wavelength region that is able to reach 
the back contact. In the literature for single junction cells it is shown that for light with 
wavelength between 650-1000 nm, the scattering at the bottom interface is important [105]. 
Figure 6.1a shows the effective wavelength in all media for this wavelength region. This is for 
ZnO:Al and ITO TCOs between 350 and 560 nm and for the µc-silicon layers between 180 
and 290 nm. The interaction of the light with surface feature dimensions (L) larger than this 
can be described by geometrical optics. For dimensions in the order of the wavelength the 
interaction should be treated as a scattering (diffraction) problem, which is best described by 
Mie theory [106]. Rayleigh scattering is the small particle limit of this theory and can be 
calculated if 2πL/λ << 1. Figure 6.1b shows that the scattering takes place at several interfaces 
as the light passes. The light can be scattered in transmission as well as in reflection. Through 
each different medium the light travels with a different effective wavelength with which it 
encounters the different interfaces. Therefore, we consider that each interface should be 
separately optimized with respect to its morphology, in order to obtain an effective scattering 
and increased light absorption in the i-layer.  
 Both TCO layers, ITO and ZnO:Al, have refractive indices around 1.8, (λ = 800 nm) 
and a higher refractive index i-layer of  3.5, (λ = 800 nm) is sandwiched in-between. This 
combination makes it possible to trap light inside the i-layer, due to total internal reflection. 
This only occurs if the light is facing the surface with an angle wider than the critical angle. For 
the refractive indices used in these solar cells this will be > 30 o.  Any light that scatters under 
angles larger than this escape cone is considered to undergo multiple passes trough the i-layer.  
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Figure 6.1 (a): Cross section of a n-i-p solar cell on top of a rough Ag/ZnO:Al back reflector. The 
various solar cell layers are indicated as well as the effective wavelength, in the silicon and TCO layers, 
of the long wavelength range between 650-1000 nm. The escape cone from the back of the layer is 
indicated. (b) The scattering of the light on two rough interfaces of the solar cell. The light can scatter in 
reflection and transmission.   
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 To complete the picture of light management, we have to take into account the 
reflection loss at the air/ITO interface, absorption losses in the TCO layers and plasmon 
absorption losses due to the Ag back contact. Using an antireflective front ITO layer with a 
thickness of λeff/4, where λeff is the wavelength light that has optimal absorption in the i-layer 
(λ around 550 nm), enhances the light transmission through the front part of the solar cell. 
Moreover, it has been observed that a front surface roughness already decreases the reflection 
at the front side of the solar cell, this is assumed to be due to an effective medium (effective 
grading of the refractive index)[107, 108]. The absorption of light in the TCO layer can be 
minimized to < 5 % for thin layers. A trade-off between optical and electrical properties has to 
be made. The main absorption is influenced by two ways due to the electron density. An 
increasing electron concentration increases the optical band gap by the Burnstein-Moss shift 
[109], a high carrier concentration limits the transmission in the long wavelength region due to 
free carrier absorption, which can be estimated by the Drude model [14]. Furthermore, 
absorption loss occurs at the back electrode due to plasmon absorption on the surface. This 
plasmon absorption peak occurs at a wavelength of 350 nm. However, the peak can be 
broadened and affect the long wavelength region. The broadening and intensity of this peak is 
dependent on the material used and the surface dimensions [110]. 
 
 
6.3 Literature observations 
 
 As already mentioned, the morphology of the interfaces is believed to be the key of 
efficient light trapping. Generally, properties like rms roughness, angular resolved scattering 
(ars) and haze values are used to indicate the amount of scattering, but they do not 
quantitatively correlate with the current enhancement inside the solar cell [85]. In the previous 
sections we have introduced the significance of the lateral feature sizes on the surface. This 
section gives a short overview of the correlation between the Jsc and any of these properties 
found by other groups. For some cases only the highest Jsc values are given because no 
comparison with the optical and morphological properties was made. 
 The most common correlations are made between rms roughness, σ, of the front TCO 
morphology and the total current generated in the solar cell. Utrecht University has shown that 
on textured TCO SnO2:F layers, Jsc increases with σ increasing from 30 - 60 nm. The lateral 
dimensions, L of this scattering layer are around 200-300nm [17]. 
 In cooperation with Eindhoven University of technology and TNO, it has been shown 
that ZnO TCOs, with texture similar to the commercial asahi U-type TCO, can be deposited at 
low substrate temperatures (<350 oC) with remote plasma CVD. Increased haze and scattering 
intensity at wide angles is seen. The observed rms roughness is 43-69 nm for 1000 nm thick 
layers with a pyramid-like structure and grain sizes between 200-600 nm, which resulted in 16.5 
mA/cm2 Jsc value for a-Si:H solar cells [111, 112].   
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 Delft University has reported modeling results on a-Si:H solar cells and observed that 
the scattering at the back becomes significant for wavelengths above 650 nm. For superstrate 
configuration (p-i-n) solar cells an increased Jsc is modeled due to an increase from 30 to 60 nm 
of the σ value. For substrate type (n-i-p) solar cells the increase of the Jsc is already observed by 
an increase in σ from 0 to 30 nm [113, 114]. For experimental results on front ZnO TCOs, in 
cooperation with AKZO NOBEL, a figure of merit has been introduced, which was obtained 
by combining the haze value at 633 nm and the ratio of the integrated ars intensity between 5-
45 o and 45-90 o:  
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The integrated angular ranges have been shown to be dependent on the correlation length of 
the surface morphology. This indicates the importance of the lateral dimensions [84]. 
 The Ljubajana group used modeling to show a correlation between haze parameter (H) 
and angular distribution function (ADF) that can be calculated from the ARS measurements. 
They show that enhanced haze values coincide with broader ADF distribution and increase the 
Jsc  value [115].  
 The Neuchâtel group observed a correlation between the current generated by 550-
1000 nm wavelength light and the rms value of the front TCO (texture-grown ZnO:Al by 
LPCVD) [116]. They reported Jsc values of 22.3 mA/cm2 with a 3600 nm thick i-layer and 20.5 
mA/cm2 with a 1500 nm thick i-layer for pin µc-Si solar cells [117]. For n-i-p solar cells with 
optimized back reflector, a Jsc value of 24 mA/cm2 with a 2200 nm thick  µc-Si i-layer has been 
shown. 
 The IPV-FZ-Jülich group has a long reputation on texture-etched front TCOs and has 
been able to obtain a large variety of morphology of the surfaces, with different rms roughness 
values, different feature size distributions and shapes that can be crater and pyramid like. They 
have reported that the trend between rms and Jsc can not be quantitatively correlated over a 
wide range of textures. They show a 22.5 mA/cm2 current obtained for a p-i-n µc-Si solar cell 
with surface properties characterized: σ = 127 nm and L = 600-1000 nm. However, a layer 
with the same σ value shows only 18.9 mA/cm2 when the lateral sizes are between 300-2000 
nm. [82]. In cooperation with RWE Schott Solar this wide range of TCO textures has been 
correlated with the current generation in µc-Si solar cells. The haze value at 700 nm 
wavelength shows a positive correlation with the roughness values of textured-etched ZnO:Al 
layers. Further, they show that this haze value also correlates with the current generation, 
however, for as-deposited texture-grown ZnO:Al samples, such as LPCVD ZnO:Al, with a 
different type of morphology the correlation is broken [118]. Additional papers compared the 
integrated ars area from 45-90 o and the power spectral density (PSD) value at a feature size of 
300 nm. Both values did not correlate quantitative with the generated current [119]. Finally, 
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after combining the integrated ars value with the PSD value the correlation with the generated 
current improved and resulted in an increased linear correlation coefficient. This last result 
shows that the lateral dimensions have to be included in order to obtain a better correlation 
between the generated current and the surface morphology [85].  
 Canon has reported the highest obtained Jsc values in the world up to now for n-i-p 
solar cells with textured substrate and the STAR concept [103]. They have shown a 9.3% 
efficiency n-i-p solar cell with 1.5 µm µc-Si i-layer. For a 2 µm i-layer a high Jsc of 25.8 
mA/cm2 is obtained. 
 Unisolar has a great expertise on n-i-p substrate type solar cells [120]. In order to 
increase the current, they have performed extensive research on textured substrates and silicon 
germanium solar cells that already goes long back [53]. They use a textured Ag substrate in 
addition to a sputtered ZnO TCO layer on top of it. This structure resembles the structures we 
have used in this study. In 1991, they reported an increasing Jsc value with increasing ZnO 
thickness regardless of the type of texture they used for the Ag layer. This would indicate that 
almost all of the scattering and reflection occurs at the i-layer/TCO interface. They also 
attributed the increased current to scattering centres within the polycrystalline ZnO bulk 
material [53]. More recently, they have significantly improved their back reflector for the use in 
their triple junction n-i-p solar cells. Earlier Jsc values showed 22-24 mA/cm2 for 1-2 µm µc-Si 
i-layers [121]. Now, they reported values of 26.4 mA/cm2 with an optimized back reflector 
showing larger microfeatures than before, though the feature sizes were not given [122, 123]. 
Further, they showed an increased Jsc from 22.6 to 25.15 mA/cm2 by the use of hydrogen 
profiling in the µc-Si i-layer [124]. The profiling gives a more homogeneous crystallinity 
throughout the layer thickness. For the Si:Ge solar cells with texture etched ZnO and large rms 
roughness they report a Jsc of 23.29 mA/cm2 and a positive correlation between Jsc and rms 
roughness of the etched ZnO in a range from 33-107 nm. In this case the lateral sizes of the 
etched ZnO were concomitantly increased from 100-200 nm to 500-1000nm.  
 
 
6.4 Approach 
 
 In this study we present results of µc-Si solar cells made on textured grown Ag back 
reflectors with a wide variation in morphology, covered with a conformally grown 100-500 nm 
ZnO:Al layer. Most groups that report about correlation between Jsc and morphology 
considered mostly the surface morphology of the first layer where the light enters the solar cell, 
as these studies were mainly done for p-i-n solar cells with the textured front TCOs. However, 
we are interested in n-i-p structures and for this we will analyze the most important surface 
that induces the roughness, i.e., the texture of the bottom interface; the textured Ag surface. 
Furthermore, only the current collection of the 650-1000 nm wavelength light that is supposed 
to reach the back reflector will be used as correlation parameter.  As already explained in 
Section 6.2, the scattering occurs on all the textured interfaces where the refractive index is 
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changed. The question whether the scattering is dominantly contributing to Jsc due to scattering 
on the front or on the back interface will not be answered. In our view this division is also not 
relevant, because all the upper layers including the top surface in an n-i-p cell can not be 
considered completely independent from the bottom texture, as is the case for p-i-n structures. 
Additionally, we consider that a comparison between p-i-n front TCO morphology and n-i-p 
back Ag morphology can be made, because in both cases the light travels first through a 
ZnO:Al TCO layer before it scatters on the analyzed surfaces, therefore in both cases the λeff is 
the same. 
 From the data reported in the literature on light trapping, we learn that the lateral sizes 
on the surface also have to be taken into account. As is described in the Chapter 5, the vertical 
and lateral dimensions are correlated with each other in each growth regime. Common 
correlations between only rms roughness and Jsc do not include the lateral dimension. As the 
lateral dimension is inherently pertained to the given roughness parameter a fair one to one 
correlation between Jsc and rms can, therefore, not be made. This is seen in the trend between 
rms roughness and Jsc that is broken when over a wide roughness range the different surface 
structures are compared, as is seen in Figure 6.2. The figure shows the integrated ECE current 
from the 650 to 1000 nm wavelength range against the rms roughness of the Ag layer, which is 
increased from 4 to 170 nm by using different deposition  temperatures. The thickness of the 
Ag layer is 1000 nm. A 500 nm ZnO:Al TCO layer and a 2 µm µc-Si i-layer are used in the cell 
structure. Up to around 100 nm of rms roughness an increasing trend is seen and the maximum 
current is obtained. At higher roughness the current collection drops significantly. We 
observed that for these layers the mean lateral sizes concomitantly increased with rms 
roughness from 300 to 3000 nm. These large lateral dimensions are considered not to be 
effective for light scattering with λeff between 400-600 nm. We believe that a combination of 
both dimensions (lateral as well as vertical) should give a better correlation.   
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Figure 6.2: The integrated external collection efficiency (ECE) current in the wavelength range between 
650-1000 nm, depending on the rms roughness of the Ag back contact. 
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Fig 6.3: The simplified surface morphology of a Ag layer with different feature sizes on top of each 
other. The question arises how the interaction with light of 450 nm wavelength will progress. 
 
 Several Ag layers with a wide variety in dimensions of the surface microstructure have 
been grown. The feature dimensions for the rms roughness σ, are in the range of 4-170 nm and 
for main lateral diameter L, between 600-3500 nm. L and σ are analyzed as described in the 
Chapter 5. The lateral diameter L is related to the correlation length as mentioned before, 
however, it gives a more trustable value for surfaces with small roughness. The σ/λeff ratio of 
the rougher samples is around 0.1-0.4 and the L/λeff ratio is around 2-8. If we look closer to 
the AFM images of such layers, it appears that many feature sizes from 50 to 5000 nm are 
present on top of each other, which makes it difficult to describe such a surface. Section 6.5 of 
this chapter will describe how these images can be handled. The question that arises is how a 
wave front will interact with this sort of multi-feature-sized surfaces. Figure 6.3 shows a 
simplified picture of the surface features and the interaction with a wave front that has λeff of 
450 nm. The light can either geometrically reflect on the largest dimensions of the surface, it 
can scatter on the dimensions with the same length scale as the wavelength (Mie) or it can 
scatter on dimensions with the smallest length scale (Rayleigh). In this picture, we consider that 
scattering is the most effective if all the feature dimensions are close to the wavelength size and 
the light preferably does not geometrically reflect. In practice, we defined a range for the sizes 
of the preferred optimal back reflector. Realistically, for the texture-grown Ag layers it not 
possible the have the same range of sizes for both the vertical as well as the lateral dimension. 
Therefore realistically, this range consists of an rms roughness of 170-350 nm (1 > σ/λeff > 0.5) 
on the lower limit and on the higher limit features with lateral dimensions around 350-1200 nm 
(1< L/λeff < 2). 
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 In this view, each interface can be optimized with respect to the λeff in the layer 
through which the light is travelling before encountering the interface. For the front TCO/i-
layer interface the λeff will be the same as the ZnO:Al/Ag back reflector interface. At the 
interface of the i-layer/back ZnO:Al TCO, λeff is a factor 2 smaller. Therefore, optimal σ are 
90 and 180 nm and optimal L are 180 and 600 nm, respectively for both cases. Ag structures 
that have this combination of features sizes with thin ZnO:Al TCO layers on top are therefore 
considered to have more optimal scattering on the i-layer/TCO interface. Ag layers with larger 
feature sizes scatter more effectively at the TCO/Ag interface. The influence of the ZnO:Al 
layer in this series will be discussed in Chapter 7. 
 In the next sections we will describe the analyses of the Ag surfaces by AFM, the 
conversion of the data to the Power Spectral Density (PSD) function and the method that we 
have used to combine both the lateral as well as the vertical sizes in one parameter. The PSD 
function describes the surface by several sinusoidal profiles with different periodic lengths. The 
features that are more dominant on the surface will appear with a higher power value. The 
contribution to the PSD of the above specified region of feature sizes is calculated and used as 
a weighing factor for the rms roughness. Additionally ARS measurements are described and 
compared with the morphology of the AFM images. This same PSD fraction is used as a 
weighing factor for the integrated wide angle measurements, as approximately in the same 
manner as reported earlier [85]. 
 
 
6.5 Morphology description of Ag 
 
Power Spectral Density 
 
The morphology of a surface can easily be measured by atomic force microscopy (AFM) on 
both flat as well as rough surfaces. Statistical quantities, such as root-mean-square (rms) 
roughness can be applied to characterize the vertical dimensions. The rms roughness is 
commonly defined as: 
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Where S(x) is the surface height at point x on the surface profile. Figure 6.4 shows the 3D 
images of four different surface profiles with increasing rms roughness as calculated by 
equation 6.1. However, as can be seen, the lateral sizes are different and the rms roughness will 
only give an indication on the vertical dimensions of the surface. Furthermore, samples with 
the same rms roughness can have a completely different morphology if the lateral dimensions 
are different [125]. 
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 A spectral analysis provides both the lateral as well as the vertical information. The 
AFM image can be presented by the power spectral density (PSD) over different spatial 
frequency regions. The PSD function describes the surface by several sinusoidal profiles with 
different periodic lengths. Therefore the PSD profile can be plotted in a spatial frequency 
space as well as wavelength space corresponding to that frequency. In order to determine the 
PSD, one needs to transform the 2D AFM images from real space to reciprocal space. This 
can be done by the Fast Fourier Transform (FFT). The PSD function is related to the rms 
roughness in a simplified form by equation (6.2): 
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C 

D 
 
 
Figure 6.4: The 3D images of Ag layers with different morphology on a 10 x 10 µm area. The rms 
roughness values are respectively: (a) 33 nm, (b) 72 nm, (c) 101 nm, (d) 163 nm.  
 
Here S(ω) is the PSD frequency distribution and ω the frequency in the range from 1/L to 
(N/2)/L, where L is the measured sample length and N the number of samples points. Figure 
6.5 shows the 2D isotropic PSD spectra of the AFM images from figure 6.4. The x-scale length 
resembles the lateral feature sizes present on the surface. The PSD intensity of that wavelength 
represents the σ4 roughness of these features. The features with a higher power value are more 
dominantly present on the surface. The PSD spectra in Figure 6.5 are all corrected for artefacts 
that are due to the measurement method. The samples high frequency noise is removed by a 
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low pass filter and the low frequency artefacts that define the sample sizes are also removed by 
a flattening procedure [125]. As can be seen in Figure 6.5 the four different samples show 
differences in PSD intensities, that are comparable to their respective rms roughness values and 
also a difference is seen in the contributions of specific wavelengths. The sample with low 
roughness shows dominant features around 1000 nm, whereas the sample with large roughness 
has dominant features around 3000 nm. 
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Figure 6.5: The 2D isotropic power spectrum of the Ag layers with different morphology that have been 
shown in Figure 6.4. We calculated the fraction of the power between region B with the total power of 
the surface. The Ag layers with high rms roughness and high total power show a smaller fraction of the 
power in region B. 
 
 As explained in the previous section we consider that for optimal scattering, lateral 
features in the 360-1400 nm region are important. The vertical lines in Figure 6.5 separate 3 
regions, region A: L < 0.5λeff, region B: 0.5 λeff < L < 2λeff and region C: L > 2λeff. For 
effective light scattering and increased current generation in the solar cell an optimized 
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reflector will show high PSD intensity in region B. As can be seen for the largest rms roughness 
sample, the dominant region is in region C. In this region geometrical optics will dominantly 
determine the light path. This can only be effective if the slopes on the surface are larger than 
0.5 times the escape angle of ± 30 o. As is explained in Section 6.2 geometrical optics will be 
difficult to achieve in films with the thickness in the same range as the wavelength. As can be 
seen in Figure 6.2 the large roughness sample shows decreased current generation. 
 As proposed in the previous section, we will quantify the contribution of the features 
within region B and calculate the fraction of the power from this region with respect to the 
total power. The fraction will be used as a weighing factor for the total rms roughness value as 
calculated by PSD, resulting in a value of the weighted rms roughness: 
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Angular Resolved Scattering 
 

As indicated in Section 6.3 the angular resolved scattering or the angular distribution 
function are often used in the literature as a parameter for improved light scattering. One can 
expect that scattering of light into large angles directly contributes to light trapping within the 
solar cell. This direct correlation, however, is not observed in the literature. 
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Figure 6.6: The ars intensity at angles between 0-80o dependent of Ag/Ag:AlOx layer with different 
morphology. (a) Increasing rms roughness with constant feature sizes (± 2200 nm), (b) increasing feature 
size with constant rms roughness (± 70 nm) + one layer with low rms roughness and small feature sizes, 
(c) shows the increased ars intensity for Ag layers with lateral feature sizes above 1700 nm.  
 
 As is mentioned before, the literature describes an improved correlation between the 
current generation if the wide angle ars values are combined with the PSD values at 300 nm. 
We will show a similar kind of combination of the wide angular ars values. However, instead of 
PSD(300 nm) we will use the PSD range as has been explained in this section. It is not 

 



122                      Correlation between the surface morphology and the current enhancement         

straightforward to exchange the rms roughness values with the wide angular ars intensity values, 
because the scattering is likely to be dependent on the complete morphology, including the 
distribution of the lateral sizes. In order to obtain more insight into the differences and 
similarities between the measured ars intensity distribution and the morphology of the Ag 
surface, we compared the measured data, as will be presented in this section. 
 As discussed in Chapter 2, the ARS measurement is performed with 633 nm 
wavelength light in air. The λeff in the solar cell for the long wavelength is around 360-600 nm, 
which is a fraction lower. In order to measure the ars distribution dependence at shorter 
wavelengths we performed, on a selection of Ag layers with varied morphology, the ARS 
measurement with a monochromatic light source at the University of Barcelona. The 
measurements resulted in insignificant differences of the ars intensity distribution in the range 
of 30-90 o between the 633 nm wavelength and < 600 nm wavelengths. Conclusively, we 
consider that the results can be compared with the light scattering distribution in the solar 
cells.  
 Figure 6.6a shows the ars measurement values of Ag layers with different rms roughness 
values and comparable feature sizes as determined from the dominant feature diameters (L). 
As can be seen the wide angle intensity increases concomitant with increased rms roughness, 
keeping the lateral sizes constant. However, the ars values are more sensitive to the lateral 
feature sizes, as can be seen in Figure 6.6b that shows three layers with similar rms roughness 
(± 70 nm) and increasing feature diameters. Increased feature sizes show decreased ars 
intensities at wide angles and the higher intensity region is shifted to smaller angles. A fourth 
layer with a small feature diameter, however, in combination with a low rms roughness value 
again shows decreased scattering intensity at wide angles. From Figure 6.6c we observe that the 
features with sizes that are extending above 1700 nm give increased intensities at decreasing 
angles from 20 o to angles between 5 to 10 o. This could be attributed to geometrical reflection 
at small angles on these large features, as is calculated that the vertical (60-90 nm) and 
horizontal (1700-2500 nm) dimensions for these features give angles in the order of 4-5 o. Only 
the Ag:AlOx layers that are shown in the figures and have small feature sizes with large rms 
roughness exhibit a high intensity at wide angles (> 30o) and low intensity at smaller angles    
(< 30o). However, from all the figures it can be concluded that a small lateral size or large rms 
roughness by itself will not give a higher intensity of scattering at wide angles. It is observed 
that only the layers above a σ/L ratio of > 0.07 give an enhanced scattering intensity at wide 
angles. This shows that ars measurement values are a representation of both the vertical as well 
as the lateral dimensions of the surface morphology for σ and L values up to 170 nm and 3500 
nm respectively. Therefore, it could be expected that the wide angular ars values give a better 
correlation with the current generated in the solar cells. However, as has been observed by the 
literature, this is not a quantitative correlation. Actually, the above results reveal that 
independent of the absolute values of the surface feature sizes,  a high intensity ars value at 
wide angles will be reached if the σ/L ratio is > 0.07. The ARS measurements also give high 
intensity at wide angles if the lateral feature sizes are larger, e.g. 2900 nm, which is, as was 
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discussed in Section 6.4, not preferred. The question why this high wide angular intensity is 
measured in the ARS measurement for these specific large feature layers, but does not 
contribute to the current generation, can still not be answered. Therefore, we have similar to 
the rms value, combined the integrated ars intensity between 30 o and 90 o with the PSD ratio of 
the preferred lateral sizes. This gives a weighted wide angular ars value: 
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6.6 Surface correlation with current 

 
Figures 6.7a and 6.7b show the integrated ECE values in the wavelength range 650-

1000 nm versus the rms roughness values from AFM and the integrated 30-90 o wide angle 
scattered intensity of the ARS measurement, as described in the previous section. The series of 
Ag layers that is developed in Chapter 5 exhibit a wide range of different morphologies with 
rms values from 4 to 170 nm. The data for the cells made on these substrates with a conformal 
100 nm ZnO:Al and 1.5 µm µc-Si i-layer on top are indicated by the solid circles. The open 
circle indicates the same stack of layers on an Asahi-U type TCO with 200 nm conformal Ag. 
The open triangle indicates the same solar cell stack on a Ag:AlOx layer. As is observed by 
other groups, a clear correlation is seen up to 60 nm of rms roughness, however, for a 
roughness of 100 nm and higher the current density generated by the solar cell decreases. A 
similar trend is observed for the integrated ars values. 
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Figure 6.7: The integrated current density from the long wavelength range between 650-1000 
nm on different types of substrates (Corning glass/Ag, Asahi U-type SnO2:F/Ag or Corning 
glass/Ag:AlOx), depending on: (a) rms roughness of the Ag surface, (b) the integrated ars intensity in the 
range between 30-90o. 
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Figure 6.8: The integrated current density from the long wavelength range between 650-1000 nm on 
various types of substrates (Corning glass/Ag, Asahi U-type SnO2:F/Ag or Corning glass/Ag:AlOx), 
depending on: (a) the weighted rms roughness value of the Ag surface, (b) the weighted integrated ars 
intensity value in the range between 30-90o. 
 
 Neither the rms nor the wide angle integrated ars values can give a quantitative relation 
with the current enhancement. For the large rms and integrated ars values we observed that all 
layers showed large lateral feature dimensions. As indicated in the previous sections these large 
dimensions above 1400 nm are not preferred. We used the PSD fraction of the preferred 
lateral dimensions (360-1400 nm) compared with the total PSD value as a weighing factor for 
both the absolute rms roughness and wide angle integrated ars values as described in Section 
6.5. Figure 6.8a and 6.8b show the weighted values for both cases. As can be seen the large rms 
roughness and integrated ars values with the lower current densities are shifted towards lower 
weighted rms roughness and ars values. Clearly, in both cases the correlation has improved. 
Further, it also appears in both cases that the current density tends to saturate with higher 
weighted values. This can be understood if we assume that the generated current is not only 
limited by the amount of scattering on the interfaces. Several other factors can limit the current 
generation, such as plasmon absorption at the Ag back reflector, light absorption in all TCO 
layers, light absorption in the n and p-layers and additionally current losses in the i-layer due to 
carrier collection problems. Several of these limiting factors will be discussed in detail in the 
Chapter 7.  
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Plasmon absorption 
 
 Regarding the plasmon absorption on the Ag surface we should be aware that it could 
be influencing the correlation that is depicted in Figure 6.8. It may be assumed that different 
species, such as Al in the layer, and different morphologies can change the intensity of the 
surface plasmon absorption peak. Therefore, we measured the total reflection of the metal 
surfaces, as described in Chapter 2, which gives an indication for the intensity of the plasmon 
absorption and corrected the integrated current density values of the solar cell for the surface 
absorption. Because of a large expected systematic error in the absolute absorption 
measurement, we scaled the measurement of all layers to the absorption of the Ag:AlOx layer, 
as this layer delivered the highest integrated current in Figure 6.8. Figures 6.9a and 6.9b show 
the dependence of both the weighted rms roughness and ars values with the integrated current 
corrected for the plasmon absorption of the bottom Ag layer. We can conlcude that in both 
the cases the correlation again improved, indicating the importance of the plasmon absorption 
and emphasizing its effect on the saturation of the current. The next chapter we will discuss in 
more detail the absorption measurements and will argue on the limitations for the current 
generation that result from this plasmon absorption. 
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Figure 6.9: The integrated current density from the long wavelength range between 650-1000 nm on 
various types of substrates (Corning glass/Ag, Asahi U-type SnO2:F/Ag or Corning glass/Ag:AlOx) 
depending on: (a) the weighted rms roughness value of the Ag surface, (b) the weighted integrated ars 
intensity value in the range between 30-90o. The integrated current is corrected for the plasmon 
absorption, as measured by total reflection measurements on air/layer/substrate. The correction is 
relative to the glass/Ag:AlOx layer. 
 
 It is visualized in the above sections that the comparison of the current generation with 
both the weighted rms roughness as well as the weighted integrated ars intensity results in an 
improved qualitative correlation over a wide range of different surface morphologies. This 
indicates clearly that for optimal light scattering in thin film solar cells, apart from the rms 
roughness, the lateral feature size distribution should be taken into account. For optimized 
scattering back reflectors both surface dimensions should be controlled. However, we should 
discuss some assumptions that have been made for the above presented data, in order to 
obtain an indication of how universal the above depicted description of light scattering in thin 
film solar cells is.  

As has been mentioned before, scattering occurs at all the rough interfaces where the 
refractive index is changed. In our research we have only analyzed the surface morphology of 
the bottom Ag back contact and assumed that with thin layers (100 nm ZnO:Al, 1500 nm i-
layer) the roughness of the other interfaces are still dominated by the Ag surface morphology. 
If this is not the case, for example in solar cells with thicker layers that either end up with 
flatter surface or that introduce their own surface roughness, the light scattering will have a 
different behavior at the respective interfaces. This effect can influence the current generation 
that is independent of the surface morphology on the bottom contact layer. 
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Furthermore, we have assumed that the light scattering will be optimal on surface 
feature dimensions that are in the range of the scattered wavelength. For the above theory we 
have defined an optimal feature dimension in the range between (0.5 – 2)∗ λeff. For practical 
reasons led by the limits of the PSD calculation, we have used the PSD range to be around 
these values (0.5-2.3) ∗ λeff. This range also showed to give the best results compared to 
slightly different ranges, such as (0.5-1.7) ∗ λeff and (0.5-2.7) ∗ λeff. However, we do not 
consider that the theoretically indicated values would be the only physically correct range; it 
rather gives an indication of the values that optimally should be present on the surface 
morphology for effective light scattering.     
  
 
6.7 Conclusions 
 

Both on fundamental considerations and on observed data measurements, we have 
explained the importance of feature sizes of both dimensions (lateral and vertical) for light 
scattering. We have shown that neither rms roughness nor ars values can give a quantitative 
correlation with the current generated inside n-i-p solar cells with Ag/ZnO:Al back reflectors. 
We have shown that the wide angle ars intensity depends on both the lateral and vertical 
feature sizes of the surface. However, only large rms roughness values in combination with a 
σ/L ratio > 0.07 give high intensity scattering at angles larger than the escape cone.  

We have discussed and explained the importance of the lateral dimensions of the 
surface morphology on light scattering and proposed a method that takes into account these 
lateral sizes in combination with the rms roughness and integrated wide angle ars values. A 
weighing factor is used to correlate the current generated from the long wavelength region in 
n-i-p µc-Si solar cells. For both rms roughness and integrated ars values the weighing factor 
gave an improved correlation over a wide range of different morphologies, indicating that for 
optimized scattering back reflectors both surface dimensions should be controlled. 

At higher weighted rms roughness and integrated ars intensity a saturation of the 
current has been observed, which has been attributed to several other factors apart from the 
surface morphology that limit the current generation. The increased plasmon absorption of the 
Ag back reflector layer has been considered to be one of the limiting factors, as it appeared to 
be very sensitive on the type of texture that was used. A correction of the generated current for 
the plasmon absorption resulted in an improved correlation over a wide range of varying 
weigthed rms roughness and integrated ars values. This quantitative correlation between the 
surface morphology and the current generation in n-i-p microcrystalline solar cells gives us a 
better indication about the importance of the limiting factors for current enhancement. With 
this understanding we are paving the way for improved light trapping schemes, which are 
needed for thin film solar cells. 
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7.1 Introduction 
 

The present study on ZnO:Al and textured Ag back reflectors is aimed at application in 
thin film µc-Si n-i-p solar cells. In the previous chapters we have analyzed and discussed 
various light trapping schemes consisting of textured Ag and ZnO:Al contacts. We indicated 
the influence of the ZnO:Al TCO layer and correlated the current enhancement to the 
morphology of the Ag surface. These observations have given us insight in and understanding 
of some of the factors that dominate the light trapping, such as the morphology of the light 
scattering interfaces and the low refractive indices of the TCO contacts. Optimization of this 
back reflector structure, however, did not show an increased current generation. The current 
generation showed a saturation level, which indicated that the light reflection could be limited 
due to other factors. In this chapter we will discuss three aspects that we consider would limit 
the capacity to achieve larger current generation in the µc-Si n-i-p solar cells. 
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  First, as was introduced in the previous chapter, the plasmon absorption of the 
textured metal layers results in a large loss of the current generation. We will present the effect 
of the morphology of the metal layer on the parasitic plasmon absorption and discuss some 
options for how to prevent these losses. 

At second, as was introduced in Chapter 3, the ZnO:Al TCO layer has been shown to 
give an enhanced light trapping effect. However, the TCO layers also cause absorption losses. 
Further we introduced some effects of the ZnO:Al on the Ag plasmon absorption (Section 
3.3.3) that will be discussed in more detail in this chapter. Additionally, we mentioned that for 
this substrate configuration type of solar cells, it is then not straightforward to insert a ZnO:Al 
layer without changing the structure growing on top of it in a solar cell. This has already been 
indicated by the effects of a hydrogen plasma presented in Section 4.3.2. In this chapter we will 
show that the interface of ZnO:Al/n-layer is crucial for the developing i-layer and the device 
performance. 

At third, in Chapter 6 we mentioned that to a first approximation we have ignored the 
influence of the different types of rough back contacts with ZnO:Al TCOs on the structure 
development of the intrinsic layers in the solar cells. In this chapter we have analyzed the 
dependence of the roughness of the metal contact layers on the J-V parameters of the 1.5 µm 
thick µc-Si solar cells. Furthermore, we will show the results of the transmission electron 
microscope (TEM) measurements of the layers with various roughness in order to obtain some 
understanding of the microcrystalline structure evolution and its effect on the solar cell 
efficiencies. 
 
 
7.2 Plasmon absorption on the Ag surface 
 

In Chapter 5 we described the structures of Ag:AlOx back reflectors, which show large 
rms roughness in combination with smaller main lateral features sizes. From Section 6.5 we also 
observed that these samples show a high intensity in the wide angle ars measurements. The 
combination of large rms roughness, wide angle ars and a high contribution of feature sizes 
around 1000-1500 nm give high weighted values, that should results in higher generated 
currents. However, as is observed in Figure 7.1b one drawback of some of the Ag:AlOx layers 
is that they showed a decrease in total reflection.  The Figures 7.1a and 7.1b reveal two 
plasmon absorption peaks [110]. The high absorption at 320 nm is attributed to the bulk 
plasmon of silver at 3.92 eV. This bulk absorption will be independent of the surface 
morphology. At 350 nm a weaker surface plasmon peak is observed. This absorption peak will 
be both material as well as surface morphology dependent. The peak can be broadened and 
extend up to the long wavelength region, as can be seen in the figures. Figure 7.1a shows five 
Ag samples having rms roughness in the region from 4 to 111 nm. Compared to the 4 nm 
roughness Ag layer a large absorption increase and broadening of the SP peak is visible. On the 
other hand the Ag layers above 67 nm roughness only show among themselves slight variation 
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in peak position and absorption intensity. Compared to flatter Ag layers with rms roughness 
below 30 nm (not shown), a large increase in absorption over the whole wavelength range is 
seen (up to 10-15 % in the range of 650-1100 nm). Both the Ag:AlOx samples with large rms 
roughness (73 -133 nm) and small feature sizes (830 – 1600 nm) show that the surface plasmon 
peak is shifted to 360 nm and increased in intensity (Figure 7.1b). This increased absorption is 
extended to the long wavelength region and accounts for more than 10 %. The change in 
absorption has to be attributed to both material as well as surface changes. Figure 7.1b also 
shows a 2 µm thick Ag:AlOx layer which still has 60 nm rms roughness. However, due to the 
thickness of this layer a complete restructuring of the crystal has taken place, as described in 
Chapter 5. This resulted in extended features sizes of 3500 nm and, as can be seen, this layer 
again shows lower plasmon absorption. These observations indicate that the surface plasmon 
absorption in the Ag and Ag:AlOx layers is highly dependent on the morphology and increases 
with increasing roughness. It reveals that with a certain roughness the plasmon absorption is 
increased even more if the lateral features sizes are close to the wavelength size. 

Moreover, from the literature we learnt that there are two ways by which plasmon 
absorption can be increased: grating coupling [126] and attenuated total reflection [55]: 

1) Grating coupling: A surface plasmon can not be generated directly by light. In order 
to obtain an interaction between light and a surface plasmon both the energy and 
momentum have to be conserved. One method to circumvent this restriction is by 
relaxing the momentum conservation due to roughening of the metal surface. If the 
spatial periodicity of the surface roughness is similar to the wavelength of the 
reflected light the coupling will be more effective. 

2) Attenuated total reflection: With this method the effective wave vector (and hence 
momentum) of the reflected light is increased. This can be done by using a medium 
on top of the surface with a higher optical density (higher refractive index). The field 
that is created on this interface can be coupled to the surface plasmons. 

These two methods reveal interesting insight in the light trapping effects of rough surfaces and 
TCO layers: 

Firstly, the rough surface that we consider to be optimal for light scattering should 
have feature sizes similar to the effective wavelength that is scattered. However, as we have 
observed and explained from the grating coupling theory, exactly this morphology will give rise 
to increased coupling of the light to the surface plasmons (hence increased absorption and loss 
in reflected light). The increased scattering and increased plasmon coupling are thus two 
compensating effects. The current generation inside a solar cell is therefore limited when the 
plasmon absorption dominates. The two Ag:AlOx layers, both of which have optimized 
morphology for effective light scattering, indeed give a lower current generation, which can be 
related to the increase in plasmon absorption. In Figures 6.9a and 6.9b of the previous chapter 
the importance of the effect of the plasmon absorption on the current generation has already 
been indicated. 
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Figure 7.1 (a): The total reflection intensity of Ag layers with various rms roughness, σ. The bulk 
plasmon (BP) absorption peak and surface plasmon (SP) absorption peak are located at 320 and 350 nm 
respectively. Due to interference, the absorption of the SP peak extends up to the long wavelength 
region. (b) The total reflection intensity of one Ag layer and three Ag:AlOx layers with different 
morphology. The two Ag:AlOx layers with high roughness and small feature sizes show an increased BP 
and SP plasmon absorption and an energy shift of the SP peak position. 
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 Secondly, the theory of attenuated total reflection can explain the effect of a TCO 
interlayer between the i-layer and metal reflecting contact. As is discussed in Chapter 3 there 
are several reasons for enhanced light trapping that were ascribed to the insertion of a TCO 
interlayer, such as interference and scattering on the crystal grains of the TCO. We discussed 
that these two effects can only be effective if respectively thin (interference) and thick 
(scattering at crystal grains) TCO layers are used. As was mentioned before, the data in Figure 
3.15 suggested that we needed a more convincing explanation. In Chapter 6 we mentioned that 
the ZnO:Al layer will change the λeff to larger wavelength values as compared to the λeff in the 
silicon i-layer. We discussed how this effect could induce a more efficient scattering at the 
Ag/TCO interface, because of the rather large lateral feature sizes on the Ag surface. 
Furthermore, this change in λeff will also have an effect on the plasmon absorption: the 
ZnO:Al TCO is a medium with lower optical density, therefore its presence will result in a 
smaller effective wave vector of the light and, as explained by the attenuated total reflection, 
decrease the plasmon absorption. With this explanation, a considerable step towards a higher 
current generation is expected when a TCO layer is inserted and furthermore no difference in 
current generation will be seen with changing the thickness of the TCO layer. The presented 
data in Table 3.1 indeed suggested this trend, which strengthens the consideration that the 
plasmon absorption on rough metal layers strongly influences the light trapping and current 
generation in the solar cells. 
 
 

7.3 ZnO:Al TCO interlayer in solar cells  
 
7.3.1 The limitations on the enhanced light reflection 
 
 In the previous section and in Chapter 3 we mentioned several reasons for enhanced 
reflection and thus current generation with the ZnO:Al back reflector. This section will discuss 
the limitations of the use of a ZnO:Al TCO that we consider to affect the current 
enhancement inside the solar cells. First the effect of increased light reflection of light by the 
use of the interference principle with a λeff/4 thick TCO layer on top of a flat reflecting contact 
is limited due to the specular behavior of the reflected light. There will be an increased 
intensity of light in a specific wavelength region, however, the light will be reflected without an 
increase of path length and will be lost through the front side of the solar cell. If we introduce 
a roughness at the interfaces of the TCO and/or Ag layers in order to achieve diffuse light 
reflection with increased path length, the need for any interference will be lost. 
 The second reason that we have mentioned for increased light reflection is, the 
additional reflection from the ZnO:Al crystal grains, as was suggested in the literature [53]. 
This enhanced reflection will, on the other hand, be limited by the additional light absorption 
in the ZnO:Al layer, as the scattering in the polycrystalline ZnO layer is only increased with 
thicker layers (and thus more scattering centers). Figure 3.14 has shown the increase in light 
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absorption at 800 nm wavelength. This absorption is induced by the free electron absorption 
in the ZnO:Al layer. Decreasing the electron density is one of the options to decrease the free 
carrier absorption, which again influences the conduction of the layer in opposite manner. 
Therefore, the ZnO:Al TCO layer should be kept thin enough in order to avoid the parasitic 
absorption losses. This will therefore limit the effect of light scattering at the crystal grains. 
 Lastly, as we had discussed above, the effect of decreased plasmon absorption at the 
Ag layer due to the lower optically dense ZnO:Al layer compared to the high optical density 
silicon layer also influences the reflection. This, however, also suggests that a still lower density 
medium, such as air, in front of the Ag surface will further decrease the plasmon absorption. 
The reflection measurements as depicted in Figure 7.1a and 7.1b actually were measured with 
an air/Ag interface, which therefore probably underestimates the plasmon absorption 
compared to the ZnO:Al/Ag interface, as is used inside the solar cell. This effect has indeed 
been observed in the literature: Springer et al. [54] have measured by PDS the plasmon 
absorption of silver samples and ZnO coated silver samples with different roughness. They 
observed that the surface plasmon peak is shifted towards longer wavelengths in combination 
with the ZnO layer. For rough silver surfaces the peak is shifted from 3.5 eV (350 nm) to 2.8 
eV (440 nm) and in addition, the long wavelength absorption can be more than doubled on 
rough metal surfaces compared to flatter surfaces. This result clearly indicates the limitations of 
ZnO layers on rough surfaces due to plasmon absorption. In order to avoid the parasitic 
plasmon absorption at the Ag surface we suggest to use materials with even lower refractive 
index than ZnO:Al, which will not be an easy task as most of these materials (such as oxides) 
are not good electrical conducters and will induce parasitic resistance losses. 
 

7.3.2 The limitations on the solar cell performance 
 
Table 7.1: The differences in solar cell performance with and without a hydrogen pre-treatment on rough 
and flat glass/Ag/ZnO:Al substrates. 
Rough 
Ag/ZnO:Al 

Efficciency 
(%) 

Jsc 
(mA/cm2) 

Voc 

 (V) 
FF 

Rs 
(Ωcm2) 

Rp 
(Ωcm2) 

H treatment 6.1 21.5 0.48 0.59 3.0 340 
No H 5.1 21.4 0.46 0.52 3.7 110 
Flat 
Ag/ZnO:Al 

      

H treatment 4.0 14.7 0.50 0.55 4.8 200 
No H 2.4 10.0 0.49 0.48 7.6 130 
 

An advantage of making µc-Si solar cells in n-i-p configuration is that the µc-Si n- and 
i-layer are deposited on top of the Ag and ZnO layers, for which there are no limitations on 
temperature and deposition power for these layers (as long as the substrate can withstand). 
This gives one the opportunity to prepare a wide range of different Ag and ZnO:Al layers for 
back reflector, without damaging the solar cell, as would be the case for p-i-n solar cells. 
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However, one drawback is that the µc-Si n-layer and i-layer are deposited on top of a ZnO:Al 
surface conformal with the Ag roughness and in such a case it is not an easy task to achieve 
good quality in these silicon layers, as it has been shown that it is difficult to start nucleation on 
rough ZnO surfaces [67]. For optimal n-i-p µc-Si solar cells it is critical that no incubation is 
present at the bottom i-layer/n-layer region, as this will decrease the current generation in the 
long wavelength region from the bottom part of the i-layer. Furthermore, the lattice mismatch 
between the sputtered [001] ZnO  (2.60 Å) and CVD [220] silicon (1.92 Å) is more than 30 %, 
which can induce a lot of stress in the silicon layer and degrade its properties. Lastly, as has 
been shown in Chapter 3.5, the ZnO:Al is not inert to atomic hydrogen during a plasma 
deposition, with high hydrogen diluted silane. We have shown with XPS measurements that 
SiO2 is created on the ZnO:Al surface during a hydrogen plasma treatment. We have to 
consider the possibility that Zn particles are created that can easily diffuse through the n-
layer/i-layer structure during the solar cell deposition. This will affect the material properties of 
the solar cell that would limit the current generation. 

We have prepared many µc-Si solar cells with varying Ag/ZnO layers (as reported in 
this thesis) as well as with many different type of n-layers, because it turned out that a wrong 
combination of these layers can have deleterious effects on the solar cells’ performance [104]. 
As presented by Li et al. thick µc-Si n-layers (> 70 nm) on SS/Ag/ZnO substrates show 
inferior solar cell parameters and increased shunting. The yield improves with decreasing the n-
layer thickness down to 24 nm. Furthermore, deposition of the n-layer at lower Tsub also 
resulted in improved solar cell performance. Because the 20 nm thin low Tsub n-layer showed 
higher crystallinity, as is measured by Raman spectroscopy, it suggests an improved nucleation 
on the ZnO:Al that could have resulted into the improved solar cell performance.  

In order to create better nucleation sites for the n-layer on the ZnO:Al TCO later we 
subsequently suggested a hydrogen plasma treatment on the ZnO:Al layer before the solar cell 
deposition, as this treatment would result in a thin SiO2 layer on the ZnO:Al surface. We 
deposited on both flat as well as rough Ag/ZnO:Al the same type of n-i-p µc-Si solar cells 
with a 1.5µm i-layer. The µc-Si n-layer was deposited at 200 oC. The performance of both these 
cells is compared to the cells made with the same recipe, but in addition of a 20’ pre-treatment 
of the TCO with atomic hydrogen (in a pure hydrogen atmosphere) resembling the n-layer 
deposition. Table 7.1 shows the J-V parameters of cells of comparable thickness. The 
hydrogen pre-treatment clearly leads to improved solar cell performance. The improvement of 
the FF is related to an increased light Rp and a decrease of light Rs. Dark measurements reveal 
that mainly the i-layer quality has improved as is evident from the improved diode quality 
factor. The large decrease in Rs value for the flat Ag/ZnO:Al was also confirmed by an 
improved contact resistance in dark measurements. This observation indicates that the SiO2 
layer formed on the ZnO:Al likely improves the n-layer quality and thereby the whole i-layer 
structure. This again indicates how critical the ZnO:Al/n-layer combination can be for the 
growth of a high quality µc-Si i-layer. Furthermore, a small decrease in dark Rp has been 
observed, which actually indicates that the SiO2 layer does not decrease the diffusion of 
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particles through the shunting paths in the n and i-layers. On the contrary, a lower dark Rp 

value indicates larger shunting paths, likely introduced by the increased crsytallinity in 
combination with a larger defect density. 

The above observations indeed infer that the ZnO/n-layer interface is a critical 
interface that can easily deteriorate the quality of subsequently deposited layers in a solar cell 
and therefore limit the capacity to achieve high efficiency in µc-Si solar cells.  
 
 
7.4  The influence of roughness on the solar cell parameters 
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Figure 7.2: Solar cells with various rms roughness and/or n-layer. The dependence of: (a) the Voc, (b) 
dark current density J0, (c) the diode quality factor n the and (d) the light Rp, are shown. 
 

As reported, in Chapter 6 there is no universal correlation between the collected 
current in n-i-p solar cells and the rms roughness of the substrate surface. A better correlation 
is visible after combining the lateral feature sizes and correcting for the surface plasmon 
absorption of the Ag back contacts. In this study we kept the deposition parameters of all 
silicon layers constant in order to make a trustable comparison. However, while changing the 
roughness, the properties of the silicon i-layer are also subject to changes. This can be one of 
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the reasons for the limitations of the current generation that is seen in the Figure 6.9. In order 
to clarify the changes in the i-layer we show the dependence of the J-V parameters (Voc, Jo, n 
value and light Rp) on the rms roughness in Figures 7.2a, 7.2b, 7.2c and 7.2d. Note that the 
highest current values were not achieved with the largest rms roughness. 
 The i-layers are deposited at 250 oC with 5/100 sccm of SiH4/H2 ratio at a processing 
pressure of 50 µbar. Clearly a decrease in Voc is observed with increasing rms roughness. The 
closed squares are for cells with a 27 nm µc-Si n-layer made at 200 oC. The three samples with 
open circles are deposited with a double n-layer (5 nm a-Si / 27 nm µc-Si ), among which 
samples A and B have a Ag:AlOx substrate layers and also a 500 nm ZnO:Al layer instead of 
only 100 nm as is the case for all the other cells that are depicted. This double n-layer, 
however, resulted in a completely amorphous layer as was evident from Raman spectroscopy 
measurements. It is therefore expected that these samples have a large incubation phase in the 
bottom part of the i-layer, as it is initially grown on an n-layer that is amorphous. This 
incubation phase has either a high amorphous fraction and/or a large defect density. The TEM 
measurements of layer A are shown in Figure 7.3. We indeed observe an amorphous n-layer. A 
large amorphous incubation phase is not seen, however, the image clearly shows a thin 
incubation region with very low silicon density (evident from the thin white regions at the 
interface). This region is presumed to be highly defective.  Compared to the samples without a 
double n-layer recipe, samples A and B showed, after correction of the plasmon absorption, a 
lack of current collection at long wavelengths. This could result from the defective incubation 
phase. As is seen in Figure 7.1a and c this amorphous n-layer leads to an increase in Voc for 
these cells and a slightly lower J0, as is expected from solar cells with a lower average crystalline 
fraction in the µc-Si i-layer [67]. This observation again indicates that the initial stage of the n-
layer growth is critical for the resulting i-layer quality. In Figure 7.1a for the solar cells with the 
single n-layer, two samples fell out of range with a lower Voc than that the trend shows. The 
samples are labeled C and D and are deposited in the same run. However, there was no 
difference in the deposition parameters or wire age for the deposition of these layers compared 
to the other layers, apart from a two times longer pre-heating time of the filaments and thus 
the substrate, before the i-layer deposition. This could have resulted in higher crystallinity, 
because the diode quality factor is also slightly lower and a higher J0 value is seen. 

The complete trend in the dark measurements of all the solar cells with back contacts 
of various roughness, shows an increasing J0 value at increased rms roughness (Figure 7.1b). 
The higher J0 values explain the lower Voc values at higher roughness, as it can be attributed to 
higher midgap defect density and/or higher crystallinity in the material. Moreover, the 
increasing n values (Figure 7.1c) with increasing roughness, suggest more drift nature of the 
cells and confirm a higher defect density. This confirms our speculation that  the  i-layer  is  
one  of  the  limiting  factors  for  current  the increase, as  the higher diode quality factor 
indicates more current loss at the maximum power point. The larger roughness substrates 
results in inferior i-layer quality. 
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Figure 7.3: The cross section of the bottom part of a solar cell. The various layers are indicated. The 
image reveals an amorphous n-layer with on top a thin incubation layer. This layer is visible by the 
bright lateral line along the n-layer/i-layer interface, which indicates a low silicon density and defective 
material. No vertical cracks are observed.  

 
 One question arises: ‘Why do rougher samples show a higher defect density and 
inferior quality ?’ In order to find an answer we have analyzed the XTEM pictures of four 
different solar cells with increasing roughness of the Ag back contact. Figures 7.4a, b, c and d 
show the results of a cross section of the solar cells with 4, 67, 88 and 135 nm rms roughness 
respectively. As can be seen in the TEM images the layers with high rms roughness show 
vertical cracks through the i-layer. These cracks evidently are created in the regions where the 
substrate surface shows valleys with steep slopes. The cracks are then created at the point 
where the crystalline conical-shaped grains from the left and right side of this valley are 
touching each other. A highly defective boundary is created that can even run completely up to 
the upper ITO layer. Given the fact that the constituent of ITO would likely diffuse during its 
deposition at elevated temperatures, these cracks will become effective shunting paths. Some 
of the cracks are already being created from the bottom substrate surface. These cracks do not 
only grow towards the upper growth direction but are also seen to develop under an angle, as it 
follows the normal of the slopes of the textured surface. The high defect density can explain 
the low FF (< 0.6) for all these solar cells and low light Rp values, as seen in Figure 7.1d. 
Although, the TEM pictures can only reveal a small section ( ± a few microns) of the complete 
solar cell area, the fact that no cracks were visible on the cells with low ( 4 nm ) roughness 
substrate, suggests a smaller crack density over the area and therefore can explain the lower J0 
and n values. The layer, however, does not show higher light Rp, but the dark J-V 
measurements do indicate a higher shunting resistance (Figure 7.5). Moreover, one of the solar 
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cells gave a high light Rp value around 1000 Ωcm2 and thus higher FF (0.66). Although, this 
sample has an rms roughness of 76 nm and a high density of valleys (the surface lateral features 
were small; 850 nm) and a thin incubation layer with a low silicon density in the lateral 
direction, no long vertical cracks were observed from the TEM pictures (Figure 7.3). The 
absence of these cracks is in contrast to what is observed in all other large rms roughness layers. 
Figure 7.5 shows the dark J-V measurements of the solar cells that are shown in the TEM 
images of Figures 7.3 and 7.4a, b, c and d. It is observed that the solar cells with cracks in the i-
layer (visible in TEM), show a decrease in the dark Rp value (J-V data from the low voltage 
range shifts upwards). Solar cells from Figure 7.3 and 7.4a that did not show any cracks in 
TEM and therefore likely have a smaller density of shunting paths, show higher dark Rp values. 
This clearly indicates that a material without any cracks will result in a high quality µc-Si i-layer.
 Finally, we would conclude that both a high Voc as well as a high Jsc is not easy to 
obtain, as the high Jsc values are obtained with intermediate rms values. Reports from the  
Neuchâtel  group [67]  also  supports  this trend.  In order to improve the i-layer quality over 
the whole layer thickness that would deliver a high Voc, we recommend the use of hydrogen 
profiling steps. By doing this the i-layer should be deposited just above the transition region 
over the whole thickness, which can result in lower defect density and crack formation and 
thus higher Voc. 
 

 A 
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 D 
 

Figure 7.4: The cross section of complete solar cells with various rms roughness of Ag substrate layers: 
(a) 4, (b) 67, (c) 88 and (d) 135 nm. The various solar cell layers are indicated. Additionally, the arrows 
indicate the cracks that are visible in the i-layer. 
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Figure 7.5: Dark J-V characteristics of n-i-p solar cells with various roughness, σ of the back contacts. 
The solar cells with decreased dark Rp values show cracks in the i-layer, observed by TEM in Figures 
7.4b, c and d. The solar cells that did not show cracks in the i-layer (Figures 7.3, 7.4a) show increased 
dark Rp values.  
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 The highest efficiency solar that is obtained is presented in Table 7.2. For this solar cell 
we used a stainless steel substrate with optimized Ag metal contact and 100 nm ZnO:Al TCO 
back reflector. During the 2000nm i-layer deposition the material quality has been kept more 
constant by using hydrogen profiling steps in the gas phase. A high efficiency of 8.5 % with  a 
Jsc of 23.4 mA/cm2 has been achieved. 
 
Table 7.2: The highest efficiency solar cell on SS/textured Ag/ZnO:Al back reflector with 2µm i-layer. 

 
Efficciency  

(%) 
Jsc 

(mA/cm2) 
Voc 

 (V) 
FF 

Rs 
(Ωcm2) 

Rp 
(Ωcm2) 

Best cell 8.5 23.4 0.55 0.67 2.3 700 
Average best 5 cells 8.3 23.2 0.54 0.66 2.5 660 
 
 
 
7.5  Conclusion 
 
 We have shown three effects that are related to the limitation of the current generation 
of the solar cells that is visible in saturation or decrease of the current with theoretically 
optimized back reflectors. These effects are related to the Ag back reflecting layer, the ZnO:Al 
TCO layer and the i-layer quality. 
 We concluded that the back reflecting Ag:AlOx substrates, which have optimized light 
scattering morphology also show increased plasmon absorption towards the long wavelength 
region. The plasmon absorption has been shown to be morphology related and is increased, 
when a high refractive index layer is placed on top of the metal surface.  
 On the one hand, the ZnO:Al TCO has a lower refractive index than the silicon i-layer 
and therefore its insertion would decrease the plasmon absorption, compared to the case 
where the silicon layer is directly deposited on the Ag layer. On the other hand, however, the 
refractive index of ZnO:Al has still a rather high value of 1.8. This will give limitations to the 
current generation due to increased plasmon absorption losses of the light. Secondly, we have 
discussed the development of the n-layer on the ZnO:Al surface, which is considered to be 
one of the crucial interfaces for the i-layer deposited on it. The mismatch of the lattice 
constant between the ZnO:Al and silicon layers and the reaction of the ZnO:Al with atomic 
hydrogen can result in inferior n-layer quality due to difficulty in nucleation.    
 Finally, we showed that the solar cells deposited on larger rms roughness substrates 
delivered lower Voc values, which is attributed to be a result of increased midgap defect density 
in the material. XTEM images have shown crack formation through the complete i-layer 
structure, starting on the slopes of the valleys or above the middle of the valleys, where the 
conical-shaped grains from the left and right side of the valley are touching. Furthermore, it 
has been observed that solar cells without any crack formation show high dark Rp values and 
high FF. The increasing defect density and crack formation for solar cells with high rms 
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roughness back reflectors are clearly limiting the current collection and the solar cell 
performance. A better control of the developing i-layer, with hydrogen profiling steps is 
needed for device quality solar cells on large rms roughness back reflectors. A highest efficiency 
µc-Si:H solar cell of 8.5 % is obtained.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 

Appendix A 
Estimation of the substrate 

temperature during 
deposition  

 
 
 
 
 
 
 

 
 
The sputter depositions of the layers in this research are made on a 10 x 10 cm 

substrate area, with good homogeneity due to a very large 7 inch diameter target. Apart from 
thickness homogeneity this large area deposition also requires a homogeneous substrate 
temperature in order to achieve homogeneous material on the whole substrate area. A 
substrate holder is heated from the back by use of lamps and the temperature is controlled by a 
measurement with a thermocouple at the back of the substrate holder as is described in Section 
2.2. 
 In order to measure the temperature homogeneity of the substrate we pressed with 
several springs the edges of a 10 x 10 cm2 Corning substrate onto the front of the flat substrate 
holder. At six positions on the substrate we connected the tips of Ni/NiCr thermocouples 
with a paste called Ceramabond type 685N. The positions are indicated in Figure A.1. By 
measuring the voltage difference between the two wires of each thermocouple we obtained the 
temperature at each position. Figure A.1 also depicts the heating-up curve of all six substrate 
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positions up to an average temperature of around 300 oC. Taking into account a crack in the 
substrate at position 4 that probably overestimates the temperature, the difference between 
maximum and minimum is only 39 oC, thus temperature homogeneity of ± 6 % on an average 
substrate temperature of 320 oC is obtained.  
 It was expected that during the deposition the target would be heated up due to the 
plasma energetic ion bombardment. Additionally we also expected differences in heating up 
curves between a thick (3mm) Corning glass substrate and a thin (0.5 mm) stainless steel (SS) 
substrate which have more than an order difference in the heat conduction coefficients. 
Therefore the substrate temperatures on both substrates have been measured in a case that 
resembles real-time deposition. 
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Figure A.1: The thermocouple positions on the substrate and the heating up curves of all positions. 
 
 A 5 cm x 10 cm glass substrate was attached with thermocouples using Ceramabond. 
On the other hand, the thermocouple attachment on a 5 cm x 10 cm SS substrate is done by 
welding. Both the substrates were clamped next to each other on the substrate holder and 
placed over the target in the sputtering system at a target-substrate distance (80-140 mm) 
compatible with the processing pressure used. With the shutter closed, the plasma was started 
at moderate pressures (2-10 µbar) and powers (250-500 W). The shutter shields the substrate 
from the plasma and acts as the grounded electrode. In this stage the thermocouples are not 
affected by the generated discharge and the substrate temperature can be estimated at realistic 
temperature settings of the controller (0-500 oC). When the shutter is opened, the read-out of 
the thermocouples is disturbed by the discharge. Therefore the shutter is opened for several 
minutes (0.5-2’) in order to heat up the substrate. After the shutter is closed the thermocouples 
shows a reading that drops very fast in the first few seconds. This drop is attributed to the 
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cooling of the substrates after the source of heating is obstructed by the shutter. The 
temperature read-out of the first three seconds after the closing of the shutter has been used as 
the real-time Tsub during deposition.  
 The data shown in Figure A.2 indicate only a small part of the measurements. 
However, they depict the main trend that has been observed. The data is divided on a time 
scale with different deposition settings that are indicated by the text inside the figure. Tset = 0 
oC and Tset = 350 oC indicate that from that position on the external heating is set to 0 and 350 
oC respectively. The numbers 125 and 140 mm indicate the target-substrate distance at that 
point.   
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Figure A.2: The real-time temperature reading of a) the controller, b) a corning substrate, c) a SS 
substrate depending on different settings during deposition as indicated. 
 
 Figure A.3 shows the real Tsub against the set temperature of the controller Tset for both 
Corning glass and SS substrates. The data presented in this picture are obtained at a standard 
setting of the deposition parameters (500 W, 2 µbar, 140 mm) and has been used as calibration 
for the Tsub presented inside this thesis. An educated recalculation has been made, based on the 
educated estimation from the temperature reading of the thermocouples at various target-to-
substrate distances, powers and pressures. This recalculation used the three following 
assumptions: 1) For every 20 mm decrease of target-substrate distance,  10 oC ± 20 % was 
added to the substrate temperature, 2) For every decrease of power by 50 W,  4 oC ± 25 % was 
subtracted, 3) changing the pressure in the range from 1-50 µbar does not give significant 
changes in Tsub. In these calibrations, we have an experimental error value of ± 5 % of the 
substrate temperature.  
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Figure A.3: The real Tsub as function of the Tset of the controller dependent of the substrate type used. 
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Summary 
 

 
 
 
 
 
 
 
With the rapidly growing world population and the increasing environmental and social 

problems of the nowadays ‘common’ fossil and nuclear energy production, the need for clean 
and sustainable energy sources has become evident. Solar energy conversion, such as done in 
photovoltaic (PV) systems, can play a major role for electricity production in the urgent needed 
energy transition.  

At the present time PV production is dominated by the crystalline wafer technology. 
On laboratory scale, this material has shown to be able to reach 25 % conversion efficiency. 
Thin film silicon technology is an alternative solar energy technology that operates at lower 
efficiencies, > 12 % for single solar cell layers. However, it has several advantages, such as the 
possibility of deposition on cheap (flexible) substrates and the much smaller silicon material 
consumption. Furthermore, different types of thin film layers can be combined in stacked 
tandem of triple solar cells in order to absorb a wider wavelength range of the solar spectrum. 
With the stacked thin film solar cell technology, high conversion efficiencies of 15.2 % have 
been reached.  

The solar cells should be kept thin, in order to guarantee the stability and prevent long 
deposition times. Because of the small thickness, light trapping schemes are needed in order to 
obtain enough light absorption and current generation. This thesis describes the research on 
single junction amorphous (a-Si:H) and microcrystalline (µc-Si:H) solar cells with the focus on 
the optimization of the transparent conducting oxide (TCO) layers and textured metal Ag 
substrate layers for the use of enhanced light scattering back reflectors in n-i-p type of solar 
cells. The research will also give more insight into the fundamental physics of light trapping in 

155 



156                                                                                                                             Summary 

thin film solar cells and reveals the limitations that are encountered in order to obtain higher 
conversion efficiencies.   

The thesis starts with a general introduction on thin-film solar cells and the importance 
of TCOs and improved light trapping schemes in Chapter 1. Chapter 2 introduces the 
deposition system, the physics of sputtering deposition and the experimental techniques for 
characterization of the TCO and Ag materials and solar cells. The work in this thesis is based 
on two objectives that are described in the other chapters: (1) the development and 
characterization of TCOs suitable for thin films solar cells and (2) the understanding and 
development of light trapping schemes by textured surfaces in thin film solar cells.  

For the first objective we have analyzed ZnO:Al layers deposited in an radio frequent 
(rf) magnetron deposition system equipped with a 7 inch target. We have analyzed a wide 
parameter space of power, pressure, substrate temperature and target-to-substrate distance in 
order to obtain ZnO:Al layers suitable for solar cells. This is described in Chapter 3 by some 
phenomenological effects on the deposition of ZnO:Al and ZnO:In. Emphasis has been put 
on the homogeneity of the thickness and the electrical properties on a large 10 cm x 10 cm 
area. Additionally, we have focused on the improvement of the electrical properties without 
sacrificing the optical properties by increasing the mobility and decreasing the grain boundary 
density. We have explained the dependence of the electrical performance on the various 
deposition parameters by differences in the structural properties as well as changes in the two 
doping mechanisms (extrinsic and intrinsic).  Furthermore, we have described some of the 
effects on light trapping of a ZnO:Al enhanced back reflectors. We have introduced that the 
conversion of the wavelength to the effective wavelength can influence both the scattering as 
well as the plasmon absorption of the Ag back reflector surfaces. The expected effect is able to 
explain the observed experimental data. 

Chapter 4 focuses more on the stability behavior of ZnO:Al under atomic hydrogen 
exposure during high deposition rate Hot-Wire Chemical Vapor Deposition (HWCVD)of  
silicon. We show by x-ray photo-electon spectroscopy (XPS) measurements that hydrogen 
does interact with the ZnO:Al during silicon deposition and creates a SiOx interlayer between 
the ZnO:Al/Si interface. Furthermore, we show that the optical and electrical properties of the 
ZnO:Al TCO are not affected by a highly hydrogen diluted silicon deposition, which makes it 
suitable for a protection layer on top of the commercially available SnO2:F TCO. With use of 
an ultrathin (5 nm) ZnO:Al barrier we show increased solar cell performances of very high 
deposition rate and stable a-Si:H solar cells.   

The succeeding chapters focus on the second objective. Chapter 5 discusses the growth 
evolution of textured Ag and Ag:AlOx contacts in order to obtain control of the surface 
morphology for efficient back reflectors. By use of the structure zone model we explain the 
observed behavior of the development of pure Ag layers with various thickness and substrate 
temperature. We conclude that the lateral surface features are too large for optimal light 
scattering at high root mean square (rms) roughness. In order to prevent the lateral grain 
growth we have used a contamination of AlOx species during the film growth. We show that 
we can control the lateral feature sizes and obtain an improved roughness for light scattering. 
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Improved light scattering surfaces can also be obtained substrate temperatures below 300 oC, 
suitable for high temperature resistant plastics and industrial roll-to-roll deposition 

Chapter 6 discusses the relation between the surface morphology of the Ag back 
contact and the current enhancement of µc-Si:H solar cells. From the literature it is known 
that the rms roughness of the TCO surfaces in p-i-n solar cells does not quantitatively correlate 
with the current enhancement. In this chapter we explain the importance of the lateral feature 
sizes on the TCO and Ag surfaces on the light scattering. We show a method to combine both 
the vertical and lateral feature sizes of the back reflecting Ag surface in order to obtain an 
improved correlation with the current enhancement of µc-Si:H n-i-p solar cells. Additionally, 
we show the influence of the surface plasmon absorption of the textured Ag layers on the 
current enhancement and recognize this effect as one of the factors for limiting the current in 
thin films solar cells. 

Finally, in Chapter 7, we indicate and explain some of the factors that are limiting the 
current enhancement of µc-Si:H n-i-p solar cells on textured back reflectors. We will discuss 
the dependence of the plasmon absorption on the surface morphology, which clearly limits the 
intensity of the back scattered light. Further, we will explain the influence of ZnO:Al TCO 
layers on the plasmon absorption and present results on some of the limitations of the silicon 
growth on ZnO:Al TCO layers. Finally we present the dark and light J-V parameters of µc-
Si:H solar cells depending on the rms roughness of the substrate. We show that with increased 
roughness can result in an increased defect density of the absorbing silicon layer (i-layer), 
which limits the current collections of the solar cell. Transmission electron microscopy 
(XTEM) images clearly show vertical cracks throughout the solar cell i-layer, which originates 
at the point above the middle of a valley where the µc-Si:H grains from the left and right site 
of the slope of the hills are touching. Solar cells without any cracks showed increased dark and 
light shunting resistance and high FF. We improved the µc-Si:H solar cell efficiency with flat 
back reflectors from 4.5 % and 14.6 mA/cm2 to 8.5 % and 23.4 mA/cm2 with the use of 
optimized back reflectors. 

 The presented research has given better understanding of the effect of TCOs and 
textured interfaces on the light trapping and current enhancement in thin film silicon solar 
cells. The research explains some fundamental thoughts on light scattering and reveals some 
issues that are dominantly limiting the current generation in µc-Si:H solar cells on optimized 
light scattering back reflectors, such as the plasmon absorption, the morphology of the various 
interfaces and the i-layer quality. In our view, however, these limitations are not fundamental 
and there are possibilities to circumvent them. Therefore, new types of adapted µc-Si:H solar 
cell stacks should be used. 
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Samenvatting 
 

 
 
 
 
 
 
 
Met een snel groeiende wereldbevolking en groeiende milieu- en sociale problemen op 

het gebied van de hedendaagse ‘conventionele’ fossiele and nucleaire energie productie, is de 
noodzaak voor schone en duurzame energiebronnen meer dan duidelijk. Zonne-energie 
omzetting, zoals wordt gedaan in photovoltaische (PV) systemen, kan een grote bijdrage 
leveren aan de elektriciteit productie voor de energie transitie die snel nodig is.  

Op dit moment wordt the PV productie gedomineerd door de kristallijne wafer 
technologie. Op laboratoriumschaal is aangetoond dat het mogelijk is om met dit materiaal 
25% efficiëntie te bereiken. De dunne film technologie is een alternatieve zonne-energie 
technologie die werkt op lagere efficiëntie. Op laboratorium niveau een efficiëntie van > 12 % 
voor een enkel laags zonnecel kan behalen. Deze technologie heeft een aantal voordelen, zoals 
de mogelijkheid om goedkope (flexibele) substraten te gebruiken als drager materiaal. Verder is 
het mogelijk om verschillende type dunne film silicium lagen te combineren tot een twee- of 
drievoudige gestapelde zonnecel. Hiermee kan een breder zonnespectrum bereikt worden en 
een hogere energieomzetting van 15.2 % is al aangetoond.  

Het gebruik van zelfs dunnere lagen in de dunne film technologie is wenselijk om de 
zonnecel stabiliteit te garanderen en zeer lange depositie tijden te vermijden. Door het 
verkorten van de depositietijd van de zonnecel kunnen de kosten voor de depositie apparatuur 
beperkt worden, waarmee het proces industrieel aantrekkelijker wordt. In het geval van zeer 
dunne lagen, dit is het geval voor < 500 nm voor amorf silicium (a-Si:H) en < 2000 nm voor 
microkristallijn silicium (µc-Si:H) lagen, zullen licht opsluitende zonnecel structuren 
ontworpen moeten worden, om genoeg licht absorptie in de zonnecel te kunnen garanderen. 
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Dit proefschrift beschrijft het onderzoek naar enkel laags a-Si:H en µc-Si:H zonnecellen en 
richt zich op de optimalisatie van transparant geleidende oxide (TCO) lagen en ruwe metalen 
Ag substraat lagen voor de toepassing van verbeterde lichtverstrooiende achtercontacten in n-i-
p type zonnecellen. Het onderzoek richt zich ook op de fundamentele fysica van het invangen 
van licht in dunne film zonnecellen. Dit resulteerde in een beter begrip van een aantal (nieuwe) 
effecten die een rol spelen in het limiteren van de omzettingsefficiëntie in dit type zonnecellen.  

Het proefschrift begint in Hoofdstuk 1 met een algemene introductie van dunne film 
zonnecellen en het belang van TCOs en verbeterde methoden om licht in te vangen in de 
zonnecellen. Hoofdstuk 2 beschrijft het depositie systeem, de fysica van sputter depositie en 
een aantal experimentele technieken die gebruikt zijn voor het karakteriseren van de TCOs, de 
Ag lagen en de zonnecellen. De daaropvolgende hoofdstukken in dit proefschrift kunnen 
worden verdeeld in twee hoofddoelen: (1) het ontwikkelen en karakteriseren van TCO lagen 
die geschikt zijn voor gebruik in dunne film zonnecellen en (2) het begrijpen en optimaliseren 
van licht invangende structuren met ruwe reflecterende oppervlaktes in dunne film 
zonnecellen. 

Voor het eerste doel hebben we ZnO:Al lagen geoptimaliseerd voor het gebruik als 
TCO in zonnecellen. De ZnO:Al is gemaakt in een depositie systeem met radio frequent (rf) 
magnetron sputteren, dat is uitgerust met een 7 inch sputter bron. We hebben TCO lagen uit 
een groot depositie parameter gebied van variërende depositiedruk, vermogen, 
substraattemperatuur en afstand van de sputterbron tot substraat geanalyseerd. Hoofdstuk 3 
beschrijft deze analyse met enkele fenomenologische effecten op de materiaaleigenschappen 
van de ZnO:Al en ZnO:In TCOs. Hierbij is de nadruk gelegd op de homogeniteit van dikte en 
elektrische eigenschappen op een groot oppervlakte van 10 cm x 10 cm. Vervolgens richten we 
ons op het verbeteren van de elektrische eigenschappen zonder dat de optische eigenschappen 
hier nadeel van ondervinden. Dit kan gedaan worden door bijvoorbeeld het verhogen van de 
mobiliteit en het verlagen van de kristalgrens dichtheid. We hebben het gedrag van de 
elektrische eigenschappen als gevolg van de variatie van de depositie parameters uit kunnen 
leggen met zowel verschillen in de structurele eigenschappen als veranderingen in de twee 
mechanismen, die verantwoordelijk zijn voor geleidende deeltjes (intrinsieke en extrinsieke 
geleiding). Verder hebben we enkele effecten van ZnO:Al achtercontacten op het invangen 
van het licht beschreven en ingeleid. We verklaren dat het omzetten van de golflengte naar de 
effectieve golflengte invloed kan hebben op zowel de lichtverstrooiing als de plasmon 
absorptie op het oppervlakte van de Ag reflecterende achtercontacten. Het verwachte effect 
kan de gemeten experimentele data verklaren. 

Hoofdstuk 4 richt zich op de stabiliteit van de ZnO:Al lagen in een atomair waterstof 
omgeving die tijdens depositie van bijvoorbeeld hoge snelheid hete draad (HWCVD) silicium 
depositie gewoonlijk is. We laten met behulp van X-ray foto-elekton spectroscopie (XPS) 
metingen zien dat tijdens de silicium depositie, waterstof inwerkt op de ZnO:Al laag en een 
SiOx laag aan het ZnO:Al/Si grensvlak creëert. Verder laten we zien dat de optische en 
elektrische eigenschappen niet worden aangetast door de hoge waterstof verdunning tijdens de 
silicium depositie, waardoor het ZnO:Al een geschikte kandidaat is om als protectie laag te 
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fungeren op het commercieel verkrijgbaar SnO2:F TCO. We tonen aan dat het gebruik van een 
ultra dunne (5nm) ZnO:Al laag, resulteert in verhoogde efficiëntie van stabiele a-Si:H 
zonnecellen, zelfs bij zeer hoge depositiesnelheden.  

De volgende hoofdstukken richten zich op het tweede doel. Hoofdstuk 5 bespreekt de 
evolutie van de groei van ruwe Ag en Ag:AlOx contacten, om controle te verkrijgen over de 
oppervlakte morfologie voor geoptimaliseerde reflecterende achtercontacten. Met behulp van 
het structuur zone model kunnen we de waargenomen effecten van verschillende laagdikte en 
substraattemperatuur op de ontwikkeling van de ‘pure’ Ag lagen verklaren. We concluderen 
dat, in het geval van grote root mean square (rms) ruwheid, de laterale kenmerken van het 
oppervlakte te groot zijn voor optimale licht verstrooiing. Tijdens de depositie maken we 
gebruik van vervuiling met AlOx deeltjes, om de laterale kristal groei te vertragen. We tonen 
aan dat we hiermee controle hebben over de grootte van de laterale kernmerken, waarmee we 
geoptimaliseerde ruwe contacten kunnen verkrijgen. Deze verbeterde licht verstrooiende 
oppervlaktes kunnen ook al verkregen worden bij substraattemperaturen van minder dan 300 
oC, dit maakt de lagen toepasbaar voor hoge temperatuur resistente plastic in industriële roll-
to-roll depositie apparatuur. 

Hoofdstuk 6 bespreekt de relatie tussen de oppervlakte morfologie van de ruwe Ag 
contacten en de stroom toename in µc-Si:H zonnecellen. Vanuit de literatuur is vernomen dat 
de rms ruwheid van de TCO oppervlaktes in p-i-n type zonnecellen kwantitatief niet correleert 
met de verhoging van de stroom. In dit hoofdstuk benadrukken we de invloed van de laterale 
oppervlakte kenmerken van de TCO of Ag lagen op de lichtverstrooiing in de zonnecel. We 
laten zien dat een combinatie van een weging van zowel de verticale en laterale kenmerken een 
verbeterde correlatie met de stroom toename geeft in µc-Si:H n-i-p zonnecellen. Vervolgens 
tonen we de invloed van de oppervlakte plasmon absorptie van ruwe Ag lagen aan. We laten 
zien dat deze absorptie een van de limiterende effecten voor de stroom verhoging in dunne 
film zonnecellen is.  

In Hoofdstuk 7 verklaren en beschrijven we een aantal van de factoren die 
verantwoordelijk zijn voor het limiteren van de totale stroom in µc-Si:H n-i-p zonncellen met 
ruwe achtercontacten. We bespreken de afhankelijkheid van de plasmon absorptie op de 
oppervlakte morfologie, die zeer duidelijk de intensiteit van het reflecterend verstrooide licht 
limiteert. Verder leggen we de invloed van de ZnO:Al TCO laag op de plasmon absorptie uit 
en presenteren we enkele beperkende effecten van de groei van silicium op ZnO:Al TCO 
lagen.  Als laatste presenteren we de afhankelijkheid van de donker- en licht J-V metingen van 
µc-Si:H zonnecellen op de rms ruwheid van het achter contact. We tonen aan dat de verhoging 
van de ruwheid resulteert in een verhoogde defect dichtheid in de licht absorberende silicium 
laag (i-laag), die in dit geval de stroom collectie in de zonnecel beperkt. Transmissie elektron 
microscopie (XTEM) foto’s laten duidelijk zien dat er verticale scheuren ontstaan door de hele 
i-laag, die ontspringen boven het midden van een vallei op het punt waar de µc-Si:H kristallen 
al groeiend vanaf de linker- en rechterkant van de hellingen elkaar raken. Zonnecellen zonder 
deze defectrijke scheuren resulteren in verhoogde donker kortsluitweerstand en hogere FF. 
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Dit onderzoek geeft een verbeterd inzicht in het effect van TCO lagen en ruwe 
oppervlaktes op het invangen van het licht en de verhoging van de stroom in dunne film 
zonnecellen. Het onderzoek verklaart enkele fundamentele principes van de lichtverstrooiing 
en geeft inzicht in enkele dominerende factoren die de stroom toename in µc-Si:H zonnecellen 
limiteren. Zoals de plasmon absorptie, de morfologie van de verschillende oppervlaktes en de 
kwaliteit van de i-laag. In onze visie zijn deze limiterende effecten echter geen fundamentele 
beperkingen en zijn er mogelijkheden om ze te omzeilen. Daarvoor zullen nieuwe aangepaste 
µc-Si:H zonnecel structuren gebruikt moeten worden. 
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