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0.1 Summary 

Glow-discharge deposition of hydrogenated amorphous silicon is a common technique for pro
ducing amorphous silicon solar cells. During this process, the fluorinated tin oxide substrate, 
upon which the amorphous silicon is deposited, is degraded. This degradation is reflected in 
a rednetion of the tin oxide and a ditfusion of the boundary layer constituents. The present 
study is concerned with the demonstration of these phenomena by means of Auger Electron 
Spectroscopy and X-ray Photoelectron Spectroscopy. These surface-sensitive techniques have 
been combined with ion bombardment of the sample surface in order to obtain depth profiles. 
A least-squares fitting procedure has been developed to distinguish the different chemica! 
states of tin. 

The width of the boundary layer between amorphous silicon and tin oxide shows a sig
nificant dependenee on the surface roughness of the tin oxide substrate. The width increases 
with increasing substrate temperature maintained during the glow-discharge deposition. The 
rednetion of tin oxide is shown by the presence of a maximum of 5--6 at% metallic tin at the 
interface. Oxidized silicon is observed throughout the amorphous silicon layer, with a slight 
increase at the interface. 

Because incorporation of a thin zinc oxide layer in amorphous silicon solar cells is a 
proruising methad to suppress rednetion and diffusion of the tin oxide substrate, this work 
has partly been devoted to the preparation of zinc oxide layers by means of sputter deposition. 
Stoichiometrie zinc oxide has been produced, but useful application will only be achieved if 
the zinc oxide incorporates dopants to decrease its resistivity. 

0.2 Samenvatting 

Plasmadepositie van amorf silicium in een glimontlading is een veel toegepaste methode voor 
het produceren van amorf silicium zonnecellen. Gedurende dit proces ondergaat het sub
straat van gefluorideerd tinoxide, waar<?-' het amorf silicium wordt afgezet, een verslechtering 
in kwaliteit. Deze achteruitgang komt to~ uiting in een reductie van het tinoxide en een diffusie 
van de elementen waaruit de grenslaag bestaat. Het onderzoek dat hierna wordt beschreven 
is gericht op het aantonen van deze effecten met behulp van Auger Electron Spectroscopy 
en X-ray Photoelectron Spectroscopy. Deze oppervlaktegevoelige technieken zijn gecombi
neerd met een ionenbombardement van de preparaten, teneinde diepteprofielen te verkrijgen. 
Een kleinste-kwadraten fitprocedure is ontwikkeld om de verschillende chemische toestanden 
waarin het tin verkeert te onderscheiden. 

De breedte van de grenslaag tussen het amorf silicium en het tinoxide is duidelijk afhanke
lijk van de oppervlakteruwheid van het tinoxidesubstraat. Deze breedte neemt toe met een 
toenemende temperatuur van het substraat tijdens de afzetting. De reductie van het tinoxide 
blijkt uit de aanwezigheid van 5-6 at% metallisch tin in de grenslaag. Geoxideerd silicium is 
aanwezig in de hele laag amorf silicium, met een kleine toename in concentratie ter plekke 
van de grenslaa.g. 

Omdat het inbouwen van een dunne laag zinkoxide in een amorf silicium zonnecel een 
veelbelovende methode is om reductie en diffusie van het tinoxide tegen te gaan, is een gedeelte 
van dit onderzoek besteed aan het maken van zinkoxidelagen door middel van sputterdepositie. 
Op deze wijze is stoichiometrisch zinkoxide geproduceerd, maar een bruikbare toepassing zal 
pas worden bereikt wanneer het zinkoxide gedoteerd kan worden, zodat de resistiviteit daalt. 

i i 
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Chapter 1 

Introduetion 

Conversion of sunlight into electricity by means of solar cells is a well-known metbod for 
generating power. Initially developed to serve as a power souree for spacecraft, solar cells 
had to be reliable and efficient. These requirements are met by crystalline silicon (c-Si) solar 
cells. However, their production is very expensive due to the amount of energy required , and 
the inevitable waste of material. A c-Si solar cell capable of producing 1 W of electric power 
requires $ 5.8 production cost (1986 standard, [LUQ86]). 

Generally this price is too high to make terrestrial solar cell power generation profitable. 
The amorphous silicon (a-Si) solar cell, first prepared in 1976 by Carlson and Wronski 
[CAR76] , may be a salution to this problem. lts raw material costs little compared to the 
crystalline cell. H produced in large enough quantities, a-Si cells will cost less than $ 2 
per Watt installed power. Disadvantages are a considerably lower yield, and the fact that 
the amorphous silicon cell degenerates, that is the yield decreases under the influence of 
light . This light-induced degeneration is called the Staebler-Wronski effect [EN082, TAN82, 
WAL86] . It is still not fully understood. 

1.1 The amorphous silicon solar cell 

The builcl-up of an amorphous silicon solar cell is shown in figure 1.1. The glass sheet 
secures the mechanical strength of the cell. On this sheet a layer of transparent, electrically 

.. .. ..... . ..... . ... ' .. . 
•• • • • • • • • • • • • • • 0 ••• •• •••• . . . . . . . . . . . . . . ........ .. . .. . 
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• • • • •• • • • • • • • 0 • •• •• ••• • • • ••••• . .. . . . . . . . . . . . .. . . .. . . . . . . . . .. . . . . 
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TCO layer (200 nm) 

p• - a-St:H C20 nm) 

t-a-St:H (500 nm) 

n•-a-St:H C50 nm) 

Figure 1.1: Schematic builcl-up of an a.morphous silicon solar cell (not to scale). Layer 
thicknesses are indicative va.lues. 
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conducting material is deposited, serving as a front contact. Most suited for this purpose 
are transparent conducting oxides, TCO's [CH083]. Such layers can he deposited by using 
chemica! vapour deposition ( cvo) or sputter techniques [VIG75, YEE78, MOR81, MAJ83, 
SAX85, MEL86]. Currently used Tco's are indium tin oxide (ITo) and fluorinated tin oxide 
(FTO) [KAN75, KAN75a]. The next three layers of the cell consist of hydrogenated amorphous 
silicon (o-Si:H). They are deposited by means of a glow discharge, a weakly ionized plasma, 
in a silane (SiH4) atmosphere. Adding diborane, B2H6 , or phosphine, PH3 , to the silane 
atmosphere results in p-type or n-type doping of the o-Si, respectively [GRISO, SPE84]. 
Glow-discharge deposition is a relatively slow process, with an average deposition rate (in our 
case) of approximately 4-5 nm min-1 • This sets high standards to the deposition equipment 
as far as constant gas flow and purity of gases and vacuum chambers are concerned. Higher 
deposition rates can be achieved by starting the glow-discharge from disilane or even higher 
silanes, but the resulting amorphous films are of poor quality [TAW82, TAW82a]. 

Hydrogenation, i.e. the incorporation of hydrogen in the amorphous silicon layer is neces
sary to passiva te the dangling honds ( unpaired electrens) in the irregular network of silicon 
atoms [CAR76, IMU80, IMU81, CAR84]. The three o-Si layers (p-type, intrinsic, and n
type) form the photovoltaically active part of the solar cell. The back contact is made by 
sputter deposition of a metal. Of course the amorphous silicon solar cell described above is 
not the only alternative to the crystalline cell. A reversed sequence of the active layers, a 
so-called n+-i-p+ structure, is also possible, as wellas a metal/insulator/semiconductor cell, 
or cells basedon all sorts of exotic compounds. From a commercial point of view, however, 
the amorphous silicon based p+-i-n+ cell remains the most promising candidate for terrestrial 
application. We willlimit ourselves to this type of solar cell. 

Referring to figure 1.1, we will briefly explain the principal features of the amorphous 
silicon solar cell. Visible light enters from the glass side of the cell and passes through the 
glass and TCO layers. Electron-hole pairs are then generated in the p-type, the intrinsic, and 
the n-type layers. In the heavily doped p-type and n-type regions these electron-hole pairs 
almost immediately annihilate, because the impurities act as recombination centra. This is 
the reason that especially the p-type layer is so thin (about 20 nm). Only in the intrinsic 
amorphous silicon layer the electrens and holes may survive for a sufficiently long time to 
be collected at the front and back contacts, respectively. Although the diffusion length of 
the excess carriers in amorphous silicon is short (0.1 - 0.2 JJ.m [GRI80]), recombination is 
prevented by the internal electric field. This can be up to several decades stronger than in a 
crystalline cell, because the intrinsic layer is much thinner. The o-Si solar cell is therefore of 
the drift type. 

The fact remains that the quanturn efficiency of o-Si solar cells, i.e. the probability of 
a photon of a certain energy creating an electron-hole pair that contributes to the output 
current of the cell, is inferior to that of c-Si cells. This sets a theoretica! limit of about 
20% to the performance of an ordinary o-Si solar cell; for c-Si cells this value is somewhere 
around 3ü-35%. The reason for this is the larger bandgap of o-Si (1.5 eV, against 1.1 eV 
for c-Si), so the c-Si cell converts a larger part of the photons in the solar spectrum into 
electron-hole pairs. This disadvantage is partly compensated by the better light absorption 
of the amorphous cell. Texturing of the TCO substrate is an effective means to achleve this1 . 

1 Although a-Si cells have a brown or dark purple colour, an evidence for the reftection of red light, they 
appear darker to the eye than c-Si cells. These are often a bright blue, indicating that short-wavelength 
radiation is reflected. They may even fully reflect the light at certain angles of incidence. 

2 



V 

' ------.Jo 
1sc 

Figure 1.2: I-V curve of asolar cell under illumination. The fill factor FF can he interpreted 
as the ratio of the two rectangular areas OVpPip and OV0 cQI.c (adapted from [GRE82]). 

An optimum between light absorption on the one hand (for which a thick intrinsic layer is 
favorable) and drift and ditfusion on the other (which requires a thin intrinsic layer) is reached 
for an intrinsic layer thickness of 500 - 600 nm [SME86]. Light trapping can he enhanced by 
applying a suited texturing of the TCO surface [GRE87]. 

The small width of the p+-i-n+ junction makes it less sensitive to deeply penetrating red 
light than the crystalline cell. This negative effect is somewhat remedied by using a metal 
back contact, which reflects the remaining light back into the photovoltaically active region. 

The performance of asolar cell is often presented in the form of an I-V curve, as in figure 
1.2. Important parameters are the open-circuit voltage V0 c, the short-circuit current I.c, the 
fill factor FF, and the conversion efficiency ( or simply efficiency) Tf. Referring to figure 1.2, 
the definition of V0 c and Iac will he clear. The fill factor is defined as 

FF = IPVP, 
IacVoc 

(1.1) 

in which the subscript p denotes the value in the maximum power point of the I-V curve, 
i.e. the point where the product of I and V is maximum. The efficiency Tf is simply the 
ratio of Ip Vp and the incident light power, both expressed in W or Wm-2 • The area of the 
cell, the incident radiation power, and the speetral distribution of the light also play a role. 
To facilitate comparison between different cells, I-V curves are measured in certain standard 
spectra related to the solar spectrum. These standard spectra are denoted by their air mass 
(AM) number. A solar spectrum as it is observed on earth predominantly depends on the 
latitude of the abserver's position. The air mass number is defined as the secans of this 
latitude, or zero if we are outside the atmosphere. More extensive descriptions of amorphous 
solar cell operation can he found with Green [GRE82] and Carlson [CAR84]. From the I-V 
curve of asolar cell it is possible to calculate some properties of the materials it is made of, 
such as the bandgap and the carrier mobility-lifetime products [TAN82, SME86]. 

The reader may get an idea of the differences between amorphous and crystalline solar 
cells from table 1.1. The reason why the o-Si solar cell is still a subject of large-scale 
research is only one: its potentiallow cost, if combined with a reduced but sufReient efficiency 
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cell type area Voc lac FF 1J reference 

standard c-Si 100 cm2 550 mV 35 mA/cm2 0.7 18 % [GRE82) 
first a-Si 0.005 cm2 790 mV 10.5 mA/cm2 0.40 2.4% [CAR76) 
early a-Si 0.033 cm2 801 mV 11 mA/cm2 0.65 5.7% [TAW82) 
large a-Si 

(commercial) 1000 cm2 850 mV -10 mA/cm2 ? -6% [CAR88) 
advanced a-Si:C 100 cm2 890 mV 15 mA/cm2 0.70 9% [NAK88) 

Table 1.1: Comparison between the performances of crystalline and amorphous solar cells. 

and stability. Moreover, the non-crystalline cell has not reached its fin al shape by far. By 
changing the deposition conditions silane can he brought to deposition in a microcrystalline 
or polycrystalline form, offering some of the advantages of crystalline silicon [MAT83). The 
incorporation of carbon in the p-type window layer also enhances the efficiency, because this 
increases the bandgap of the material [HAT87). 

1.2 The interface between tin oxide and amorphous silicon 

In this report we will concentrate on the junction between the TCO layer and the first layer 
of amorphous silicon. The fact that these layers contain dopants will he ignored. Optimum 
conversion efficiency in the cell is achieved when all layers are well-defined, i.e. when they 
have sharp interfaces between them. Unsharp interfaces affect the charge carrier transport 
in the cell in a negative sense [SAN83). This is the main reason why amorphous silicon 
solar cells are more and more produced in multi-ehamber deposition reactors; one avoids 
cross-contamination of dopants, and produces better defined layers with sharper interfaces 
[OHN82, WAL86). The glow-discharge technique, by means of which the amorphous silicon 
is deposited on the transparent conducting oxide (FTO in our case), involves two processes 
that cause a broadening or blurring of the a-Si:H/FTO interface: reduction and diffusion. By 
reduction we will henceforward understand the alteration of a stoichiometrie oxide, notably 
tin oxide, Sn02, into a. non-stoichiometrie compound, SnOz, where x is less than 2. Reduction 
of the tin oxide is caused by the withdrawal of oxygen from the FTO by hydrogen radicals 
during deposition of the a-Si:H. These radicals are present in the glow discharge as aresult 
of the partial dissociation of silane [GRI80): 

SiH4 - SiH~ + (4- n)H•, 

where n can take any value from 1 to 4; most often n equals 1 or 2. Another possible reduction 
process is the transition from a compound containing tin oxide and silicon, to a compound 
consisting of silicon oxide and tin: 

Sn02 + Si - Sn+ Si02. 

From a thermodynamical standpoint this reaction is possible, because the Sn-ü bond is 
weaker than the Si-0 bond. This can be inferred from the dissociation enthalpies as listed by 
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\Veast [WEA 72). By prolonged heating of a-Si:H/Sn02 samples, researchers from Chronar 
Corporation demonstrated the occurrence of this solid-state reaction [CHR85). As a rule, 
reduction of the FTO results in the forming of metallic tin, which is covalently bonded to 
neighbouring tin atoms. Experimental evidence for this is abundant [KUB81, KIT83, OHS83, 
TH083, TH083a, SCH84, SME84, TSU84, ESE86, MAJ86, BAD86), and is confirmed by 
experiments we have performed ourselves [VER87, VER88J. Evidence has also been found 
for a complete or partial oxidation of the silicon that is deposited [OHS83, BAD86). 

Diffusion is another mechanism by which the interface between tin oxide and amorphous 
silicon is broadened [CZA81, FUK82, FUK83, KIT83, OHS83, TH083a, CHR85, ESE86, 
GRE87). Especially metallic tin is found to have a great mobility in amorphous silicon 
[OHS83, TH083aJ. Taking into account the temperature of the FTO during deposition (typi
cally 250°C), diffusion is not an unexpected phenomenon. There are, however, experimental 
results suggesting that not thermal diffusion, but hydrogen radical-enbaneed or ion-induced 
diffusion is responsible for the observed broadening of the interface [KAW88]. In order to 
obtain a better understanding of the way in which the glow-discharge deposition conditions 
influence these reduction and diffusion processes, we want to determine the distribution of 
the elements silicon, tin, and oxygen throughout the a-Si:H/FTO boundary layer, as wellas 
their chemica! states. This is the aim of the present study, parts of which have already been 
publisbed [BR087, DAA87, VER87, DAA88, VER88). 
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Chapter 2 

Sample preparation and measuring 
techniques 

In this chapter we describe the methods used to determine the distribution and chemica! 
statesof the elementsin the a-Si:H/FTO boundary layer: Auger Electron Spectroscopy (AES) 
and X-ray Photoelectron Spectroscopy (XPS )1• The former has been used in combination with 
ion bombardment. Chemica! shift, a feature that is of primary importance for the distinc
tion between different chemica! states of one element, is dealt with in a separate paragraph. 
Roughness measurement has been treated likewise, because a non-standard apparatus has 
been used. To allow comparison of the results from this research with experiments performed 
by others, the first paragraph of this chapter describes the way in which our samples have 
been prepared. 

2.1 Sample preparation 

Layers of intrinsic hydrogenated amorphous silicon have been deposited on commercially avail
able glass/FTO substrates. These substrates have been supplied by Corning and by Glaverbel. 
The Corning specimens have a tin oxide layer which is presumably sputter deposited. Es
sentially, sputter deposition is based on the dissociation of particles from a surface by ion 
bombardment, after which these fragments hit a target and stick to it. Glaverbel tin oxide 
is deposited by means of spray pyrolysis, one of the many forms of chemica! vapour depo
sition ( CVD ). In this metbod of deposition, molecules containing the sort( s) of atoms to he 
deposited are guided along a hot substrate in the form of tiny droplets. As soon as one of 
these molecules hits the surface, the heat of the latter makes it dissociate, evaporating the 
volatile fraction. The rest of the molecule sticks to the substrate and forms a layer. Both 
deposition methods and others have been reviewed by Chopra et al. [CH083]. Because in 
spray pyrolysis the reacting molecules form clusters, whereas sputter deposition is basically 
a single-atom process, we may expect the latter method to yield smoother surfaces than the 
former. 

On top of the tin oxide we deposit a layer of intrinsic hydrogenated amorphous silicon 
(a-Si:H). This is done by introducing the glass/FTO substrate into a vessel containing silane 
gas (SiH4 ) (see figure 2.1). By applying a suitable voltage to the two built-in electrodes, 

1 This technique is also known under the leas meaningful name of Electron Spectroscopy for Chemica! 
Analysis (ESCA ). 
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Figure 2.1: Glow-discharge deposition of a-Si:H (schematically). The settings of the mass 
flow controls (MFC's) determine the gas flows. The substrate is attached to the lower electrode 
(after [EN082]). 

we create a radio-frequent electromagnetic field that causes the dissociation and ionization 
of the silane molecules. Between the electrodes a weakly ionized plasma, a so-called glow 
discharge, forms. Radical silane fragments such as SiH; and SiH; react at the surface of the 
substrate, forming a layer of hydrogenated amorphous silicon. In our case, we maintain the 
glow discharge for 10 minutes, which yields a 40 to 50 nm thick a-Si:H layer. Deposition 
cohditions have been mentioned in table 2.1. Before deposition of the a-Si:H layer, the FTO 

substrate is usually cleaned with an argon plasma. This treatment etches possibly polluting 
residual gases off the substrate, but it has also been reported to have a degrading effect on 
th-:> t:.in oxide [KUB81]. 

Quantity Value 

RF power 2W 
RF frequency 13.56 MHz 
electrode area 50 cm2 

argon pressure 0.58 mbar 
argon flow 40 seem 
deposition rate 4-5 nm min-1 

deposition temperature 150-250°C 

Table 2.1: Deposition conditions in the glow discharge. 
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Figure 2.2: The Auger process. A primary electron {ep) knocks a bound electron (e1 ) out 
of its shell (D). The vacancy that bas originated is filled by an electron from shell E (e2 ), 

which transfers its energy loss to an electron in shell F ( e1 ). This last electron emerges as a 
secondary electron. 

2.2 Ion bombardment 

The a-Si:H/FTO boundary layer is not directly accessible with the surface-sensitive measuring 
techniques we have at our disposal. We therefore combine these techniques (AES and XPS, see 
section 2.3) with ion bombardment of the surface. The ion beam peels off consecutive layers 
of atoms from the sample, allowing us to make a depth scan through the boundary layer. In 
our case, we use an argon ion beam in which the ions have been accelerated to an energy of 
3 keV. The ion current is approximately 1.4 x w-7 A. The beam is directed at an angle of 
approximately .A 5° to the sample surface. It can be scanned over an area of up to 1 x 1 crn2 • 

2.3· Auger Electron Spectroscopy and X-Ray Photoelectron 
Spectroscopy 

When an electron beam impinges on a sample, the electrans will penetrate into it and will 
suffer various energy transfer processes. One possible processis the Auger transition, in which 
a primary electron interacts with an electron occupying a certain bound state or 'shell' in 
some atom, and ejects it. The resulting vacancy is filled by an electron, usually from the 
next higher bound state. The potential energy this electron loses is transferred to yet another 
electron, which leaves the atom as a secondary electron. This Auger process is also shown 
in figure 2.2. Auger transitions are designated after the three electron shells involved in the 
process. Thus we have KLL, LMM, and MNN transitions. Other combinations arealso possible, 
but their transition probabilities are very much smaller than those of the three transitions 
mentioned. As we may conclude from figure 2.2, the kinetic energy Ek of the secondary or 
Auger electron equals the energy differente between the bound statesE and D: Ek = EE-Eo. 
Therefore Ek is specific for each element. As the shells D and E need necessarily be different, 
hydragen and helium cannot be detected with AES. To determine the hydragen content of 
a-Si:H layers one can use e.g. Rutherford Backscattering Speetrometry or infrared absorption 
measurements [IMU80, IMU81]. 
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Figure 2.3: Example of a. a direct, and b. a differentiated Auger spectrum. In the derivative 
spectrum, peaks are clearly visible, whereas in the direct spectrum they are hard to distinguish 
from the background (after [TH085]). 

Because Auger peaks only form small peaks against a large background of inelastically 
scattered secondary electrons, it is customary to differentiate the measured signal, as has 
been done in figure 2.3. Thé peak-to-peak value of the differentiated signal is taken to be 
proportional to the abundance of an element in the sample. In some cases this can lead to 
errors in the calculation of atomie fractions [SEA 79), but in our experiments the spectra do 
not suffer great changes in shape. The peak-to-peak amplitude in the spectra is therefore a 
good measure for the abundance of an element. 

Secondary electrons can also be generated by absorption of an X-ray photon. In this 
case, the kinetic energy Ek of the secondary or photoelectron equals the difference between 
the photon energy hv and the binding energy Es of the electron. Because Es is taken to be 
negative, as in figure 2.4, we may write: Es = Ek- hv. The vacancy left by the photoelectron 
again induces an Auger process. Photoelectron peaks are labeled with the spectroscopie terms 
corresponding to the original bound state of the electron, e.g. 3d5; 2 or 2p1; 2 • The height of a 
peak or the area it encloses are proportional to the abundance of an element in the sample. 
As in AES, hydrogen and helium cannot be detected. 

In both AES and XPS, relative abundances of differentelementscan he expressed in terms 
of each other by using sensitivity factors. Consider N elements, labeled 1 to N, with corre
sponding measured secondary electron intensities J,, i = 1, 2, ... , N. The atomie fraction c, 
of element i in the sample then follows from 

(2.1) 
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Figure 2.4: The photoabsorption process. A pboton with energy hv knocks an electron out 
of its orbit. The sum of pboton energy and (negative) binding energy is transferred to the 
secondary electron. 

where Si denotes the sensitivity factor of the Auger transition or photoelectron absorption 
process in question. This scale factor can he written as 

S = j(JO>.AT, (2.2) 

where f stands for the incident flux (photons or electrans m-2s-1 ), (J is the photoelectric 
or Auger cross section (m2), 0 is an angular efficiency factor, depending on the instrumental 
arrangement,>. equals the inelastic mean free path ofthe secondary electrans (m), A is the area 
from which secondary electrans are detected (m2 ), and T stands for the detection efficiency 
for secondary electrans emitted from the sample. When scanning through an energy interval 
to measure a spectrum, of course the time per energy step must also be taken into account. 
Fortunately, it is not necessary to know all the variables in this equation. Because we only use 
the ratios of the sensitivity factors when calculating atomie concentrations, it is sufficient to 
develop a set of relative sensitivity factors fora particular spectrometer. Davis et al. [DAV79] 
and Wagner et al. [WAG79, WAG81] hav .clone so for the ~ Model 550 instrument. 

What makes detection of Auger and ;.hotoelectrons surface-sensitive is the fact that elec
trans rnaving through solids have a limited inelastic mean free path >.. On average, electrans 
originating from depths larger than >. will suffer inelastic recoil processes and lose their iden
tity as an Auger or photoelectron. A compilation of measured inelastic mean free path values 
has been publisbed by Seah and Dench [SEA79a]. >. appears to depend only on the energy of 
the electron, regardless of the material it is rnaving through. This 'universal curve' is shown 
in figure 2.5. 

Both Auger and photoelectrons are detected by means of a two-stage Cylindrical Mirror 
Analyzer ( CMA; see [PAL 75] for details). Tagether with the electron gun, the X-ray source, 
and the ion gun, it has been mounted in one vacuum vessel. Figure 2.6 is a schematic repre
sentation of the complete apparatus, including the Multiple-Technique Analytica! Computer 
System (MACS). All AES and XPS measurements mentioned in this report have been per
formed using this + Model 550 ESCA/Auger/SIMS system. With this instrument we can 
simultaneously bombard ('sputter') our sample with an argon ion beam (see section 2.2), and 
measure the AES signal. The general features of this sputter-profiling technique have been 
reviewed extensively by Zinner [ZIN83). The primary electron beam has an energy of 3 keV, 
and a current of 9 J.LA. We directly record the derivative Auger spectrum by modulating the 
analyzer voltage, with the electron multiplier operating in the ga.in regime. For XPS spectra 
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Figure 2.5: Universal curve, showing the inelastic mean free paths of various elements in 
monolayers, >.m, as a function of their kinetic energy (after Seah and Dench [SEA79a]). 
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Figure 2.6: The ESCA/Auger/SIMS apparatus (after [WAG79]). 
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Figure 2.7: Schematic view of the roughness meter (after [STR87]). 

we switch to the saturation regime of the electron multiplier. We irradiate the sample with 
Mg Ka photons possessing an energy of 1253.6 eV. The X-ray souree power is 600 W. A 
combination of sputtering and XPS measurements is impossible, due to spatial and vacuurn 
restrictions. Because of this limitation, we monitor our position in the a-Si:H/FTO boundary 
layer during sputter operation with the AES signal. For a more practically oriented introduc
tion, the reader is referred toDavis et al. [DAV79] for AES, or to Wagner et al. [WAG79] or 
Seah [SEA80] for XPS. Seah [SEA84] reviews both techniques. Werner and Garten [WER84] 
and Hofmann [HOF86] have publisbed comprehensive studies on AES, XPS, and many more 
surface-sensitive techniques. 

2.4 The chemica! shift 

An atom can be bonded to an atom of the same element, or to a different kind of atom. 
Generally, the energy levels of both valenee and core electrons will be different for the two 
cases, and the kinetic energies of Auger and photoelectrons will be different as well. This 
energy difference is called a chemical shift. Let EA(X) the energy of an Auger electron, or the 
binding energy of a photoelectron, of element A, in case this atom is a constituent of compound 
X. Similarly, EA(A) denotes the energy of the same Auger transiL:m or photoabsorption 
process, if the atorn is surrounded only by other atorns of elernen~ A. The chemical shift 
bEA(X) is then defined as 

(2.3) 

The valency of the bond mustbetaken into account: bEsi(SiO) is different from hEsi(Si02 ). 

Usually chemical shifts do not exceed values of 10 eV [WAG75]. 

2.5 Roughness measurements 

Ordinary mechanical roughness meters, equipped with a stylus, are not suited for measure
ments on a vertical nanometer scale. Either the tip radius ofthe stylus is too large, or, in case 
it is sharper, the tip may penetrate into the sample. Furthermore, mechanical measurernents 
suffer from instromental vibrations. This sets a practical limit to the measured roughness 
of about 50 nm, on a horizontal scale of about 10 JLm. Therefore we have used a new type 
of roughness meter, developed at the Faculty of Mechanical Engineering of the Eindhoven 
University of Technology (figure 2.7). The instrument uses a modified compact disc sensor to 
observe changes in altitude. Before starting a measurement, this sensor is focused upon the 
surface of the specimen to be investigated. The specimen is then moved uniformly, whereby 
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Figure 2.8: The op ti cal system of the roughness meter. A focus error is detected by a 
Foucault double-wedge system. The resulting voltage difference between the two photodiodes 
is a measure for the altitude with respect to the sample surface [STR87]. 

the position of the sensor remains fixed. A change in altitude with respect to the specimen 
surface will introduce a focus error in the sensor (figure 2.8); detection of this error as a 
function of the position of the specimen gives the roughness of the materiaL The roughness 
meter uses a solicl-state laser with a wavelengthof 820 nm and a power of 0.1 mW. The laser 
spot diameter, i.e. the lateral resolution of the apparatus, is 1 J.Lm. The height resolution is in 
the order of 3 nm [STR87]. Off-line analysis is performed by a personal computer, which also 
controls automatic measurement. Computer software, necessary for the statistkal analysis of 
the measured signal, has also been developed by the above Faculty. 

One roughness measurement yields an array of numbers Yi, where i= 1, 2, ... , Nord· The 
Yi are the altitudes as derived from the focus error of the laser beam; N0 ro. denotes the number 
of points in the array, i.e. the number of altitudes measured. To eliminate the influence of 
substrate shape, we calculate a median fii by computationally filtering the Yi through a high
pass 2RC filter. We thus obtain an array of deviations with respect to this median, from which 
we can calculate the roughness parameters. From the vast collection of possible parameters 
we shall only use two, Ra and Rq. The former is defined as 

(2.4) 

or the mean absolute deviation from the median. Similarly, Rq is defined as 

l Nord 

- L (Yi- Yi)2 , 
Nord i=l 

{2.5) 

or the root-mean-square value with respect to the median. In Europe, with its long tradition 
in instrument making, it is customary to use Ra. The use of the statistically more useful 
RMS value Rq is common in the United States. There is no such thing as the roughness of a 
surface. 
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Chapter 3 

AES and XPS on silicon, oxygen 
and tin 

This chapter describes the way in which information about the atomie concentrations and 
chemical states of tin, oxygen, and silicon is obtained from XPS and AES measurements. 

3.1 Quantitative XPS on silicon, oxygen, and tin 

In section 2.3 we have described in general how XPS works. We will now concentrate on 
the analysis of the a-Si:H/FTO boundary layer by means of this technique. Before we do 
so, we must explain two serious limitations of XPS, as performed with the ~ Model 550 
apparatus. A first restrietion is the fact, already mentioned in section 2.3, that simultaneous 
XPS measurement and ion bombardment are impossible. Therefore, we monitor the position 
in the boundary layer by means of AES. The second problem is caused by the diameter of the 
X-ray spot, which is about 6 mm, depending on the distance of the X-ray souree to the sample 
surface. In order to he sure that this spot generates secondary electrans only in the sputter 
crater, we should scan the ion beam over an area of at least 8 x 8 mm2 • However, if we want 
to analyze a sample in one day, we cannot go beyond a sputter area of 4 x 4 mm2 • This 
one-sample-per-day restrietion is a consequence of the limited availability of the ~ system. 
We will thus generate secondary electrans both in the sputter erater and beside it. Figure 
3.1 illustrates the situation. Specific depth information on silicon and oxygen is lost, due to 
the large, but unknown quantities ofthese elements on the borders ofthe sputter crater. The 
presence of oxygen is caused by oxidation of the silicon surface, and by contamination by 
residual gases in the vacuum vessel. Only for tin we are able to obtain an interpretable XPS 

signal, but it can not he related to the tin atomie concentration. 
The most prominent photoelectron peak of tin is the 3d5t 2 peak. It is accompanied 

by the 3d312 peak, which has 8.5 eV lower binding energy (remember that binding energy 
is negative). This energy separation between the two electron subshells or 'splitting' is a 
consequence ofthe fact that the tin atom is ionized upon emission of a photoelectron. The 3d 
level splitsintoa lower 3d3/ 2 subshell, containing four electrons, and a higher 3d5/2 subshell 
containing six. Because the photon absorption cross section is insensitive to the quanturn 
number j of the subshells, XPS peak heights are proportional to the number of electrons in 
the respective subshells. This is what we observe in figure 3.2, taken from [WAG79]. lf there 
is both metallic and oxidized tin at a certain depth in the a-Si:H/FTO boundary layer, we 
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Figure 3.1: In ion bornbardrnent, the maximurn sputter area is 4 x 4 rnrn2 • The resulting 
sputter erater is not large enough to encornpass the whole X-ray bearn. 
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Figure 3.2: Sn XPS peaks a. in metallic tin, and ·b. in stannic oxide (after [WAG79]). 
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Figure 3.3: a. Mixed XPS spectrum of the tin 3d5; 2 peak in the boundary layer; b. 
least-squares result after background subtraction (see text). 

will abserve an XPS signal that is simply the sum of these two basic spectra, each with a 
height and area proportional to the abundance of the corresponding chemical state. Indeed 
we measure such a mixture of chemical states in the interface; figure 3.3a shows a typical 
measured spectrum. In order to make a quantitative estimate of the relative abundances of 
metallic and oxidized tin, we must first subtract the non-uniform background in the spectrum. 
Bishop [BIS81] makes some very useful remarks concerning the sub jee ti vity of this proeed ure. 
After this, a least-squares procedure - described in appendix A - calculates the relative 
contributions of bath chemical states. The result is shown in figure 3.3b. We find the chemica! 
shift óEsn(Sn02) to equal 1.6-1.8 eV. We follow this procedure (measure XPS spectrum, 
subtract non-uniform background, calculate relative contributions of metallic and oxidized 
tin) for different positions in the boundary layer. AES monitoring tells us what part of the 
boundary layer is at the bottorn of the sputter crater. As it appears, it is indeed possible 
to detect metallic tin with XPS. The uncertainties in our results are, however, such that the 
significanee of the calculated ratio Csn(metallic)/Csn(oxidized) must be sincerely doubted. 
This is caused by the relatively high noise level ( 4% of the background) in the measured XPS 

spectra. In practice, only for total tin concentrations exceeding 1Q-15 at% our least-squares 
decomposition yields reliable results. This implies that only the deeper part of the interface 
- where the metallic tin concentration steadily decreases- can be monitored. The lower the 
noise level, the more we can conclude about the shallower region of the a-Si:H/FTO interface. 
Because XPS is basically a pulse counting method, the speetral noise level is proportional to 
the reciprocal square root of the measuring time. Increasing the measuring time considerably 
is therefore essential if we want toprobe a larger part of the boundary layer. To show that 
the Csn(metallic)/Csn(oxidized) ratios - if significant - do agree with the same ratios, 
determined with AES (to be discussed helow), we have included figure 3.4. 

3.2 Quantitative AES on silicon, oxygen, and tin 

Because the primary electron beam in AES has a very small spot diameter, the sputter erater 
size is no limitation, and we are able todetermine the atomie concentrations ofthe a-Si:H/FTO 
boundary layer constituents. Furthermore, AES and ion bombardment can he performed si-
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Figure 3.4: Alternate XPS measurements and sputtering. Due to the large uncertainties in the 
ratios Csn(metallic)/Csn(oxidized) XPS yields no information that cannot he obtained with 
AES. 
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Figure 3.5: The double tin MNN Auger transition. The resulting spectrum is approximately 
the sum of two differentiated Gaussians, shifted over an energy interval of 7 eV. 

multaneously, which decreases both measuring time and contamination of the sample surface. 
Although the a-Si:H layer presumably contains a considerable amount of hydrogen, we have 
no information on the hydrogen content, because AES is unable to detect this element. 

As in XPS, the Auger spectrum of tin is a combination of two principal peaks (see figure 
3.5). This is because the tin MNN Auger transition involves the same split 3d3; 2 and 3d5; 2 
levels as does XPS. The two Auger peaks, labeled M4N45N45 and M5N45 N45 , strongly overlap. 
The indices correspond to the electronk subshells in increasing order of the orbital angular 
momenturn l and the total angular momenturn j = l + s. Thus, K or Kt corresponds to the 
ls subshell, 1 1 to 2s, 12 to 2p1; 2, 13 to 2p3; 2, etc. The fact that the reported chemica! shift 
6Esn(Sn02) in AES is -6 eV, not very much different from the energy separation between the 
two differentiated Gaussian profiles, complicates things even more. However, by assuming a 
similar speetral form for both purely metallic and purely oxidized tin, we are able to deduce 
the relative amplitudes of both chemica! states from the measured Auger signa! by means 
of the least-squares metbod developed in appendix A. The assumption of identical speetral 
forms for the two chemica! states is permitted, because the chemica! shift is much smaller 
than the kinetic energy of the Auger electron: 

17 



>, 
+> .,.... 
Vl 
c 
Q) 

+> 
c .,.... 

402 442 
kinetic energy (eV) 

Vl 
c 
Q) 

+> c .,.... 

402 

b. 

Sn(ox) 

442 
kinetic energy (eV) 

Figure 3.6: a. Mixed tin MNN spectrum in the boundary layer; b. decomposition into basic 
spectra of purely metallic and purely oxidized tin. 
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Figure 3.7: Auger LMM transitionsof a sample in which a. semiconducting, and b. oxidized 
silicon is the main component. 

(3.1) 

lt is supported by the fact that the shifted tin XPS peak does not change its form either. 
Figure 3.6 shows a typical mixed spectrum and its decomposition into two basic spectra, 
corresponding to purely metallic and purely oxidized tin. 

The assumption of identical speetral forms for different chemical states is not valid for the 
silicon LMM transition. In this case, 6Esi(Si02) = -15 eV, and Ek(Si) = 92 eV. We see that 
relation 3.1 is not satisfied, but now the Auger signals corresponding to semiconducting and 
oxidized silicon can he determined directly from the silicon LMM spectrum, precisely because 
of their large chemical shift. What we do have to take into account though, is the non-uniform 
background upon which the silicon peaks are superimposed (see figure 3.7). For our purposes, 
this background can he considered linear. lts slopeis about 6 counts eV-2 • Remember that 
standard Auger spectra are differentiated ones. A slopeis therefore expressed in counts eV-2 • 
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Figure 3.8: The oxygen KLL Auger transition a. in the boundary layer, and b. in tin oxide. 

'In the case of oxygen, we will not distinguish between different chemical states. We could 
try todetermine the relative1 chemica! shift 6Eo(Si02)- 6Eo(Sn02), but preliminary results 
suggest that the amount of oxygen bonded to silicon is too small to he detected under standard 
measuring conditions. Furthermore, the oxygen Auger transition is not a care-type, but a 
valence- type transition ( also denoted as KVV). The energy level of a valenee electron will 
depend on the distances to the atom 's nearest neighbours, among other things. Tbraughout 
the irregular network of atoms in the boundary layer these distances are far from constant. 
So, instead of a shift we have a broadening of the Auger spectrum, as in figure 3.8, which 
cannot he related to any chemica! information. For these reasans we will determine only the 
total oxygen content of our samples. 

3 AES sensitivity factors 

The relative sensitivity factors Ssn(MNN), So(KLL), and Ssi(LMM) are reported to equal 0.85, 
0.50, and 0.35, respectively [DAV79]. A typical AES depth profile, calculated using these 
values, is shown in figure 3.9. In the tin oxide bulk, i.e. for large sputter times, we find a ratio 
in atomie concentration Co/Csn = 0.83, whereas this ratio should equal 2. This effect is also 
reported by Greenwald et al. [GRE87]. The same value is found, whether we ion bombard the 
sample or not, in contradiction with Greenwald's statement. We therefore conclude that the 
discrepancy is not caused by preferential sputtering (see to [AND79a] fora clear definition of 
this term). This agrees with observations by Kim et al. [KIM74, COB79], who found Sn02 

less sensitive toreduction under Ar+ bombardment than many other oxides2• Kelly and Lam 
[KEL 73] report the tendency of tin oxide to become crystalline under ion bombardment, rather 
than to amorphize and lose oxygen. Naguib and Kelly [NAG75] report exactly the reverse, 

1 For a gas it is of course impooibie to obtain Auger spectra of the pure element, becauae solidification is 
incompatible with vacuum requirements. An exception to this are the noble gases. H embeclded in a matrix 
of covalently bonded atoms, these may be expected not to interact chemically with the surrounding material, 
thus offering a possibility to probe their suppoaedly unperturbed Auger or photoelectron energies. Yet, argon 
displays a shift of more than 1 eV, depending on whether the matrix consistsof carbon or gold [DAV79]. 

2In {act they observed no reduction at all, but their bombardment energies were lower than our value of 
3 keV. 
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Figure 3.9: AES depth profile, showing the total amounts of silicon, oxygen, and tin, using 
So = 0.50 (not corrected for Si background). 

but both authors agree on one thing: tin oxide does not change its stoichiometry upon ion 
bombardment. In addation to this, the same effect is found in sputter deposited zinc oxide, 
ZnO, for which material we obtain Co/Czn = 0.4. Yet, both oxides are stoichiometrie, as has 
been verified in Rutherford Backscattering Speetrometry (RBS) experiments performed by A. 
Kuiper of Philips Research Laboratories. Note that, according to [KEL80] and [BET83], the 
bonding is the predominant factor descrihing compositional changes when sputtering oxides, 
and not the mass of the atoms. The non-crystallinity of these oxides can also he ruled 
out as a probable cause. The same value of 0.4 for Co/Czn is found for a monocrystalline 
ZnO sample. There is of course the possibility that the primary electron beam is causing 
a desorption of oxygen, a phenomenon for which Knotek and Feibelman have presented a 
mechanism [KN078, ST085]. Admittedly, the electron flux in our experimentsis very high. 
A precise value cannot be given, because the spot diameter is not known; we estimate it to 
be in the 5D-H'O J.Lm range. In an at tempt to demonstrate the effect of electron-stimulated 
desorption (Eso) we exposed an as-deposited Glaverbel FTO substrate to the 3 keV, 9 J.LA 
primary electron beam for 20 minutes. Contrary to our expectations, we did not observe 
any change in theelemental composition of the substrate. If ESD really is responsible for the 
discrepancy, the composition must reach an equilibrium in a period of seconds rather than 
minutes, as reported by Pantano and Madey [PAN81]. They have addressed the problem of 
electron-stimulated desorption from a practical viewpoint, but they do not provide data for 
tin oxide or zinc oxide. Coad and co-workers [COA75] investigated the behaviour of a limited 
number of oxides, grown on steel, but again we find no data on tin oxide. We should even ask 
ourselves whether ESD really is the cause of the discrepancy: despite the difference in strength 
between the Sn-0 and the Zn-0 honds, the effect is equally large (a factor of 2.5) in both 
oxides. There remains the possibility of the anomaly being a matrix effect [HAL79, ICH81], 
but unfortunately these authors do not provide correction factors for tin oxide. Whatever the 
cause for the discrepancy may be, the value of So(KLL) of 0.50 is incorrect. The RBS results, 
in combination with our measurements on monocrystalline ZnO, leadtoa value of So(KLL) = 
0.20. Wethen obtain Co/Csn = 2.0 and Co/Czn = l.O. 
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Chapter 4 

The boundary layer between 
amorphous silicon and tin oxide 

Analyzing the Auger spectra of silicon, oxygen and tin in the way described in the previous 
chapter, we are able to produce a depth profile of the a-Si:H/FTO interface. Of course 
hydrogen, being unobservable with AES and XPS, does not occur in these depth profiles. The 
results will be presented and interpreted below. 

4.1 The width of the boundary layer 

For Corning and Glaverbel substrates the boundary layer widths after deposition ofthe amor
phous silicon are not the same. This is demonstrated in figure 4.1. As we have argued in 
section 2.1, we may expect the Glaverbel tin oxide surface to be rough, as compared to 
the Corning substrates. Scanning Electron Microscope photographs, made by L. Knaepen 
of SCK/CEN Mol, confirm this assumption (figure 4.2). This observation is corroborated 
quantitatively by high-resoh~üon roughnes8 measurements of both tin oxide surfaces. The 
apparatus used has been described in section 2.5. The values of the roughness parameters 
Ra and Rq we have obtained in this manner are stated in table 4.1. We conclude from this 
table that there is a relationship between the surface roughness of the tin oxide substrate 
and the boundary layer width, as measured in AES sputter depth profiling. However, surface 
roughness does not fully account for the interface width: the latter is 15-20 nm larger than 
the former. It would he inconsiderate simply to ascribe this di:fference to di:ffusion of the 
boundary layer constituents. The fact that our ion beam induces an extra spread may play a 

substrate interface width Ra Rq 

Corning 30 nm 10 nm 12 nm 
Ciaverbel 45 nm 27 nm 40 nm 

Table 4.1: Interface width and roughness parameters Ra and Rq for Corning and Ciaverbel 
FTO substrates. Interface widths have been calculated from AES depth profiles. 
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Figure 4.1: AES depth profiles through the a-Si:H/FTO boundary layer fora. a typical Corning 
substrate, and b. a typical Glaverbel substrate (uncorrected for the silicon background). 

role [AND79, ZIN83]. We have, however, no information about the importance of this effect. 
In order to investigate a third kind of substrate, with a surface roughness different from 

the two already mentioned, J. Thomas of Glaverbel Jumet providedus with polisbed spray
pyrolysis FTO substrates. Roughness measurements indicate, however, that the surface rough
ness of these polisbed substrates is not very different from that of ordinary as-deposited 
Glaverbel FTO layers. In fact, the roughness parameters Ra and Rq are slightly larger for 
the polisbed samples, though by an insignificant amount. SEM photographs are too vague 
to permit any conclusions on the topography of the polisbed surface. Furthermore, the AES 

depth profile of the boundary layer between a-Si:H and polisbed Glaverbel FTO exhibits an 
anomalous distri bution of oxygen, as can he seen by comparing figures 4.1 band 4.3. 

4.2 Depth profiles showing different chemica! states 

Following the procedures, described insection 3.2, we calculate the atomie concentrations of 
metallic and oxidized tin, semiconducting and oxidized silicon, and oxygen, as a function of 
depth in the boundary layer. Such a depth profile is shown in figure 4.4. The substrate in 
question is Glaverbel FTO; the substrate temperature during deposition (T.) was 250°C. 

A polisbed substrate that bas received the same treatment yields a depth profile as in 
figure 4.5. We observe aga.in the different behaviour of the oxygen distribution. The reduced 
tin distribution is virtually the same for both samples. The polisbed sample displays a high 
content of oxidized silicon at the interface (maximum 7 at%). An interesting fact is that we 
observe oxidized silicon throughout the a-Si:H layer in a contentration of 5-6 at%. Oxygen 
shows the same behaviour, but in a lower concentration. It turns out that this is the case 
with all our samples. In the ones mentioned above, the maximum contentration of reduced 
tin is approximately 3 at%. 
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Figure 4.2: Scanning Electron Microscope photographs of the surfaces of a. Corning FTO, 

and b. Glaverbel FTO. 
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Figure 4.3: Depth profile of a-Si:H deposited on a polished Glaverbel FTO substrate (un
corrected for the silicon background). The oxygen distribution is different from that in the 
Corning and as-deposited Glaverbel substrates. 

100% 

70 

s:: 
0 
·~ ...., 

40 u 

"' 1.. .... 
u 

ï~ 10 
0 ...., 
"' 

5 

0 80 
sputter time (min) 

Figure 4.4: AES depth profile of a-Si:H on as-deposited Glaverbel FTO, showing the different 
chemical states of silicon and tin; T, = 250°C. Note the different linear scales above and 
below the 10 at% level ( dashed ). 
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Figure 4.5: AES depth profile of a:-Si:H on polisbed Ciaverbel FTO, showing the different 
chemical states of silicon and tin; T. = 250°C. 
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Figure 4.6: AES depth profiles of a:-Si:H on a. as-deposited Ciaverbel FTO, and b. polisbed 
Ciaverbel FTO (uncorrected for the silicon background); T. = 200°C in bath cases. 

4.3 Temperature dependenee of the depth profile 

In order to briefly touch upon the subject of diffusion, we have investigated two samples 
(Claverbel as-deposited and polished) with a:-Si:H layers deposited at T. = 200°C instead 
of 250°C. The observed depth profiles, nat showing different chemical states and uncorrected 
for the non-uniform silicon Auger background, are shown in figure 4.6. We conclude that 
the interface widths have decreased by 20% as compared to the T. = 250°C samples. Only 
for the as-deposited sample we have calculated the atomie distributions, distinguishing the 
different chernical states of silicon and tin. Figure 4.7 shows the result. It appears that the 
lower deposition temperature has no noticeable effect on the observed amount of reduced tin, 
nor on the constant level of oxidized silicon in the a:-Si:H layer. 

For comparison we show a depth profile from an a:-Si:H deposition on a smoother Corning 
substrate at 200°C (figure 4.8). The interface is significantly narrower, as we have already 
mentioned in section 4.1. A sirnilar measurement on a T. = 250°C sample could nat he 
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Figure 4.10: AES depth profile of a-Si:H on Corning FTO. The substrate ha.s notbeen treated 
with an argon plasma; T. = 150°C. 

obtained due to charging effects. 

4.4 The effect of plasma etching 

As was mentioned in section 2.1, FTO has been found to degrade not only in a hydrogen or 
silane plasma, but in an argon plasma as well [KUB81]. In order to investigate the extent to 
which this degradation affects our samples, we compare the depth profiles of the Glaverbel 
and Corning substrates at T. = 200°C shown above (figure 4.6), with depth profiles of a 
simHar deposition run, but without the argon plasma etching treatment (see figure 4.9). The 
boundary layer widths are found to have increased. The maximum atomie concentrations 
of oxidized silicon and metallic tin have not changed noticeably. We also measured a depth 
profile on a T. = 150°C Corning sample, again omitting the argon plasma treatment. Figure 
4.10 shows the result. The interface is narrower than in the T. = 200°C unetched Corning 
sample, and just as wide as in the T. = 200°C etched Corning sample. Again, the boundary 
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layer width decreases with decreasing T •. A striking fact are the high maximum concentrations 
of oxidized silicon and reduced tin in this last case: 10 and 7 at%, respectively. We have as 
yet no satisfactory explanation for this. 

4.5 Conclusions 

As was argued in section 3.1, the XPS measurements we have performed suffer from a high 
noise level, and do not yield any results that cannot be obtained by AES as well. However, 
XPS does suffer less from primary and secondary electron effects than AES. Above that, a 
considerable increase in measuring time could make XPS a more accurate metbod than AES. 

To limit the noise level to e.g. 1% requires a measuring time sixteen times the one we had 
to our disposal. The sputter erater that is needed to fully encompass the X-ray beam should 
have a size of 8 x 8 mm2 , introducing an extra factor offour. The only way to avoid excessively 
long measuring sessions is to severely limit the number of XPS measurements in the boundary 
layer. 

In this chapter we have demonstrated that it is possible to detect the presence of metallic 
tin in the a-Si:H/FTO boundary layer by aid of the least-squares metbod developed in ap
pendix A. The maximum concentrations of metallic tin at the interface are 5-6 at%. We also 
find a constant level of 6-7 at% oxidized silicon throughout the a-Si:H layer. The oxygen 
could have been incorporated during the glow-discharge deposition of the layer, but there is 
also a possibility that we are observing a measurement artefact. Oxidation of the silicon can 
easily occur due to the presence of residual gases in the ~ instrument's vacuum vessel. 

The fact that we do not abserve any oxygen tagether with the oxidized silicon supports 
the view that electron-stimulated desorption {ESD) may play a role. This would also account 
for the large discrepancy in stoichiometry we find both in tin oxide and in zinc oxide. We 
do not have an explanation, however, for the fact that this discrepancy is equally large for 
bath oxides (a factor of 2.5). Preferential sputtering is concluded nat to be responsible for 
the anomaly, although a dependenee of preferential sputtering on the angle of incidence of 
the ion beam (approximately 45° to the surface) bas been reported to exist [BAR85]. 

The roughness of the FTO substrates is reflected in the interface width, as measured 
in AES depth profiles. It is therefore very difficult to draw quantitative conclusions about 
a possible diffusion of the boundary layer constituents. Diffusion processes are certainly 
involved, because the interface width depends on the temperature of the substrate during the 
glow-discharge deposition: the width increases with increasing T. in the interval150°C ~ T. ~ 
250°C. This result agrees with that found by Tsuge [TSU84], who found increasing diffusion 
above 200°C in samples similar to ours. Principal.ly, sputter depth resolution [AND79, HOF80] 
influences the measured interface width, but in view of the large surface roughnesses we do 
not expect it to play a role in our experiments. 

Interface width is also influenced by the argon-plasma etching treatment, which is applied 
befare the deposition of the a-Si:H layer. Omission of the plasma treatment results in a larger 
width and an equally high concentration of metallic tin as compared to the plasma-etched 
substrates, although the argon plasma -like hydragen or silane plasmas- has been reported 
to degrade the FTO substrate. Apparently, the remaval of polluting residual gases from the 
substrate is more important than this supposed degradation. 

As far as the reduction of tin oxide is involved, we have found no dependenee of the 
maximum metallic tin concentration on T.. A constant 3 at% metallic tin is found in all 
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samples. This supports the view that the degree of reduction of the tin oxide is not primarily 
determined by temperature, but that the reaction with the silane plasma or the deposited 
layer is more important. 
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Chapter 5 

The use of zinc oxide as a TCO 

Because FTO and ITO were proved to degrade upon deposition of hydrogenated amorphous 
silicon, as described in section 1.2, a search for materials more resistant to plasma treatment 
was initiated in the late seventies. Zinc oxide bas turned out to he such a materiaL We have 
investigated reported research on this subject, and have made a start in the deposition of 
intrinsic zinc oxide by means of RF sputtering. 

5.1 Reported research on zinc oxide as a TCO 

Thin layer deposition of zinc oxide is a relatively well-established technique, notably in the 
production of transducers for surface acoustic wave devices, and of microwave delay lines. In 
these fields, characteristics such as crystallinity and high electrical resistivity are of importance 
[LEH73, LEHï4, GIU83]. In the beginning of this decade, however, there was a growing 
interest in the optical and electrical properties of zinc oxide. It was then rediscovered that 
ZnO has a wide bandgap, Eg, of 3.2 eV, and that it can act as an n-type semiconductor, due 
to interstitial zinc ions in non-stoichiometrie material [BAR80]. This last feature offers the 
possibility of turning zinc oxide into a conducting materiaL The wide bandgap makes it a 
promising TCO candidate. 

Webb and Williams [WEB81] were the first to report the preparation of transparentand 
highly conductive ZnO films, with a transmission "'90% between 400-800 nm and a resistivity 
p as low as 2 x 10-3 !lcm. They used an RF reactive magnetron sputtering apparatus to do 
so. Although other deposition techniques, such as chemica! vapour deposition, evaporation, 
and cluster ion deposition, are used [CAP82], this methad remains the most common [ONI81, 
MAN82, NAY82]. Following the publieation of Webband Williams, a search for stilllower 
resistivity began. A brief historie overview is given in ta.ble 5.1, from whieh we may eonclude 
that the progress bas not been speetaeula.r. Note that, already in 1983, fiuorine-doped tin 
oxide (FTO) eould he prepa.red with a resistivity of 5 x 10-4 nem, better than most valnes 
found in the table [CH083]. Zine oxide is therefore not a good substitute for tin oxide as a 
low-resistivity TCO. 

Yet the thorough investigation of the properties of zine oxide bas not been in vain. Taking 
the higher resistivity for granted, zine oxide was, for instanee, exposed to hydragen plasma 
treatment. This is aften done to simulate the effect of a silane plasma on a TCO, avoiding 
any deposition. As it turned out, the zine oxide showed no rednetion [MAJ86]. The obvious 
idea of using ZnO as a bloeking layer wasthen soon put into praetice. Depositing a 100 nm 
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year resistivity transmi t tan ce 
(ncm) 

1981 2 x 10 -a 

1982 10-3 

1982 5 x 10-4 

1983 (8- 9) x 10-4 

19844 2 x 10-4 

1984 10-4 

1985b 1.1 x 10-5 

1985 2 x 10-3 

1985c 2 x 10-4 

1986d "'3 x 10-3 

1988e 6.4 x 10-4 

•doped with 1-2 wt% Ah03. 
•doped with 3 at% In. 
•doped with 2 wt% Ah03. 
4doped with 10 wt% ln203. 
"doped with 2 at% In. 

(%) 

90 

"' 90 
> 90 
"' 85 
> 85 
> 85 
> 80 
> 75 
> 80 
> 80 
> 80 

author 

[WEB81] 
[CAP82] 
[MIN82] 
[MAJ83] 
[MIN84] 
[NAN84] 
[MAJ85] 
[BRE85] 
[MIN85] 
[QIU86] 
[SAN88] 

Table 5.1: Resistivity of zinc oxide, as reported by several authors. 

thick layer of ZnO on an ITO substrate prevents the latter from being reduced upon o:-Si:H 
deposition [BIL87]. In the past other kinds of blocking layers were more or less unsuccessful, 
because they consistedof a pure metal, like platinum. A metal, however, reflects light, so the 
gain in solar cell efficiency due to a higher open-circuit voltage was more than annihilated 
by the loss in light absorption. Being a TCO itself, with a considerable bandgap, zinc oxide 
does not have this disadvantage. It is therefore used more and more in amorphous and 
microcrystalline silicon solar cells. 

5.2 Sputter deposition and thickness measurements 

Thin zinc oxide layers have been deposited using an apparatus, similar to that in figure 2.1. 
The gases used are argon and oxygen. The lower electrode has a hollow in which the zinc 
oxide or zinc target is placed. The target diameter is 2" (5.1 cm). Both targets are 99.999% 
pure. By introducing argon gas, or a mixture of argon and oxygen, into the vacuum chamber, 
and applying a radio-frequent voltage to the electrodes, we generate a plasma. The ions in 
the plasma bombard the target and sputter fragments onto the opposite electrode, where we 
place the substrates to he covered. In our experiments these substrates are ordinary 2 x 2 or 
2 x 8 cm2 microscope slides, and 2 x 2 cm2 Corning slides. The applied RF power is 150 W, 
the RF frequency 13.56 MHz, and the total pressure is varied between 2.3 and 4.2 x 10-2 mbar 
by varying the gas flows. The distance between the electrades is 7 cm. 

Mechanica! thickness measurements have been performed with a Dektak apparatus, mea
suring the step from the zinc oxide layer to the glass substrate. Optical thickness measure-
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d, measured d, measured 
with Dektak in terferometrically 

(nm) (nm) 

520 ± 20 394 ±3 
680 ± 20 1262 ± 13 
1080 ± 20 542 ± 23 
190 ± 10 512 ± 12 

Table 5.2: The discrepancy between mechanically determined layer thicknesses and optically 
determined ones. 

ments, based on interferometry, were done with two spectrophotometers, a Beekman DK-1A 
apparatus and a more sophisticated Varian CARY 2300 instrument. The calculation of the 
thickness d and the refractive index n from a spectrophotometer plot has been described in 
appendix B. 

5.3 Results 

Mechanically measured thicknesses do not agree with interferometrically determined values, 
as is shown in table 5.2. This could be a consequence of the limited accuracy of the Dektak 
instrument, or of the layer thickness near the step not representing the average thickness of 
the deposited zinc oxide layer. In either case the result is nat reliable, so we will consider the 
optical measurements as being the most accurate. 

~êposition rate, as determined from the optica! thickness measurements, varies with the 
to.,al gas pressure in the deposition chamber. Figure 5.1 demonstrates the dependence. We 
also conclude from this figure that the deposition is inhomogeneous. The thickness variation 
is shown in figure 5.2. 

The transparency of the zinc oxide layers is typically ;::: 80% for a (large) thickness of 
0.5 J.Lm, which is sufReient for application in solar cells. Zinc oxide layers as deposited from 
a zinc oxide target are stoichiometrie, regardless of the partial oxygen pressure in the cham
ber. They are also highly resistive. Starting from a zinc target, and by varying the partial 
oxygen pressure, we can - at least in principle- produce a layer with a small surplus zinc 
content. Such a layer would then be more or less conducting. However, the gas flow control 
of our sputter apparatus is nat sufficiently accurate to introduce this small zinc surplus in the 
deposited layer. We run a considerable risk of sputtering pure zinc. 

5.4 Conclusions 

Sputter deposition of stoichiometrie zinc oxide, starting from a zinc oxide target, is possible 
with the relatively simple equipment described above. The transparency of the layers is 
sufReient for their use as an optica! window in amorphous silicon solar cells. Contrarily, it is 
very difficult, if not impossible, to deposit layers with a small zinc surplus. If we want to use 
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the zinc oxide layer as a blocking layer between the FTO substrate and the o-Si:H layers, we 
must either increase the conductivity of the zinc oxide by doping, or limit the thickness of 
the zinc oxide layer to very small dimensions. In that case, however, we run into the problem 
of the inhomogeneity of the deposition. 
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Appendix A 

Least-squares decomposition of 
mixed spectra 

A.l The tin Auger spectrum 

A tin AES spectrum as we rneasure it at sorne depth in the a-Si:H/FTO boundary layer is 
a linear combination of two basic spectra, each corresponding to a certain chemica! state: 
metallic tin or oxidized tin. Such a spectrum consists of a row of integer nurnbers Si, where 
i = 1, 2, ... , N- 1. Here, N denotes the nurnber of elernents in the spectrum. lts value can 
he derived frorn 

]\T = Eupper - Elower + 1 
6.E ' 

(A.1) 

in which Eupper and E1ower are the upper and lower bounds of the energy interval in question, 
and 6.E represents the energy separation between two consecutive elernents in the spectrum. 
The spectrum, with elernents Si, can be identified with a vector s. 

For large sputter tirnes the observed silicon concentration goes to zero, and we rneasure 
the spectrum corresponding to purely oxidized tin. This last spectrum will be denoted by d 1

, 

with elernents dl. As we have argued in section 3.2, we rnay derive the spectrum of metallic 
tin frorn d 1 by moving all elements dl towards lower energy over an energy interval equal to 
the chemica! shift 6Esn(Sn02)· Defining a (positive) energy displacement number m as 

(A.2) 

which has of course been rounded off, we may write the spectrum of metallic tin, d 2
, in terms 

of d 1
: 

d2- dl 
i - i-m· (A.3) 

All elementsof d1 and d2 are positive integer numbers, which implies that the background in 
the spectra has a non-zero value ( cf. figure 3.5). When fitting these veetors to the measured 
spectrum s, we have to compensate for this by introducing a third vector d3 of which all 
elements are equal. We arbitrarily choose 

d3- dl 
i - o· 
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The problem we have to solve now is to find values x~, x2 and x3, such that x1d1 +x2d2 +xsd3 

is as good an approximation as possible of s. This is a standard least-squares problem. If the 
expression 

N-1 

L {xtd! + x2dl + xsdf- si}2 (A.5) 
i=O 

is to be minimal with respect to x 1c ( k = 1, 2, 3 ), then 

{){) [I:1

{x1d! + x2dl + xsdf- Si}
2

] = 0. 
XJc i=O 

(A.6) 

Calculation of the three derivatives yields 

N-1 

L { d:(x1d! + x2dl + xsd~- si)}= 0, (A.7) 
i=O 

or, in the shorter and more transparent vector notation: 

(A.8) 

This set of equations can be solved for the XJc by applying Cramer's rule. The result is 

1 
d 1 ·S dl. d2 dl. d3 

Xl =- d 2 ·S d2. d2 d2. d3 
~ d 3 ·s d3 ·d2 d3 ·d3 

(A.9) 

1 
dl. dl d1 ·S dl. d3 

X2 =- d2 ·dl d2 ·s d2. d3 
~ d3. dl d3 ·s d3 ·d3 

(A.10) 

1 
dl. dl dl. d2 d 1·s 

X3=- d2. dl d2 ·d2 d 2·s 
~ d3 ·dl d3. d2 d3 ·S 

(A.ll) 

in which ~ denotes the determinant, 

dl ·dl dl. d2 dl ·d3 

~= d2 ·dl d2 ·d2 d2 ·d3 (A.12) 
d3 ·dl d3 ·d2 d3 ·d3 

The basic spectra of oxidized and metallic tin of which the measured spectrum is the sum, 
are now represented by x1d1 and x2d2, respectively. The uncorrected AES intensity max(si)
min( si) must now be replaced by the intensities 

max(x1d!)- min(x1d!) 

for oxidized tin, and 

max(x2dÏ)- min(x2dÏ) 
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Figure A. I: The residue as a function of the energy displacement number m. A minimum is 
found for which the residueis less than twice the noise of the original Auger spectrum. 

for metallic tin. Expression A.5 implicitly depends on m, the energy displacement number, 
which is nat known in advance. By varying m we also minimize expression A.5 with respect 
to this parameter, which yields the chemica! shift óEsn(Sn02) through equation A.2. A 
pronounced minimum in expression A.5 as a function of m is indeed found, as can he seen in 
figure A.I. On the vertical axis of this figure the residueis plotted; this quantity is defined as 

N-1 

~ ~ {x1d! + x2d~ + xad~- sip, 
•=0 

(A.l3) 

or the square root of expression A.5, averagedover all data points. In order to have a good 
least-squares fit, this residue may nat exceed a value of a few times the noise of the measured 
spectrum. Figure A.l shows that this is indeed the case. 

A.2 The tin photoelectron spectrum 

The least-squares decomposition described in the previous section can he applied to the 
photoelectron spectrum of tin as well. In this case the chemica! shift óEsn(Sn02) is, again, 
negative, so we can maintain definition A.2 for the energy displacement number m. 

However a minor alteration is necessary, invalving the elementsof the constant array d3. 
Because we apply a background subtraction to the measured XPS spectra, the first element of 
the array d1 will always he zero. Therefore, definition A.4 is no langer adequate. By changing 
it into 

d~ = max(d!) (A.14) 

we makesure that the elements d~ are non-zero, thus avoiding singularities in the determinant 
~- The corrected XPS intensities are 

max(x1d!) 
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for ox.idized tin, and 

for metallic tin, similar to the expressions for the Auger case above, but re:flecting the zero 
background after subtraction. 
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Appendix B 

Calculation of thin layer 
thicknesses 

This appendix describes in what way we obta.in information on the thickness d and refractive 
index n of a layer of zinc oxide from optical transmittance measurements. More advanced 
methods to study optical properties of thin films can he found with [MYB87], among others. 

B.l Transmission of a thin film on a thick substrate 

As we deal with a TCO film on a glass substrate, we take both media to he completely trans
parent. Figure B.l shows the actual situation. We have three interfaces of which we must 
calculate the total reflectance and transmittance. Only two of these contri hu te to the interfer
ence pattem we observe in the spectrophotometer plot, namely the two interfaces hordering 
on the zinc oxide. The transition frorn air to glass does notintroduce any interference, because 
the glass sheet is so thick that êl' coherence of the light passing through it is lost. 

The transmittance Tand rE: iectance R of a single thin film like the glass-Tco-air complex 
have been calculated by Heavens [HEA55]. The results are given in his equations 4(54) and 
4(55). We reproduce them with the addition of the subscript z denoting the zinc oxide layer: 

Rz _ (ng + nn(n~ + nn- 4non~n2 + (ng- nn(n~- nncos261 (B.l) 
- (ng + nn(n~ + n~) + 4non~n2 + (n~- nD(n~- n~) cos2ö1' 

8non~n2 
Ts = ( 2 2)( 2 2) 2 ( 2 2)( 2 2) · (B.2) n0 + n1 n1 + n2 + 4no n1 n2 + n0 - n1 n1 - n2 cos 261 

Here, 61 denotes the phase change of the light on traversing the zinc oxide layer: 

211" 
61 = Tn1d1. (B.3) 

Note that we have implicitly put the energy absorption coefficient k equal to zero. As can 
easily he verified, the sum of Rr. and Ts is unity. 

The interface between glass and air introduces an extra reflectance Rg and transmittance 
T1 (subscript g for glass), given by equations 4(27) and 4(28) from [HEA55]: 

11 = (no- n1)2
, 

.. "'8 ( no + n1 )2 (B.4) 
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Figure B.1: The glass substrate (refractive index n2 ), covered with a TCO layer (refractive 
index nl); the wholeis surrounded by air (refractive index no). 

(B.5) 

Treating the glass-TCO-air complex as one single surface, the multiple reflection in the glass 
sheet yields a total transmittance Tt of 

T t = T 1T 11 ( 1 + R 1Rz + R!R; + ... ) = 
1 
~ ~~, (B.6) 

and a total reflectance Rt of 

(B.i) 

Again, the sum of Rt and Tt is unity. Written in termsof the refractive indices, equation B.6 
becomes 

8non~n2 
Tt = ( 2 2)( 2 2) 2 2( 2 2) ( 2 2)( 2 2) • · n0 + n1 n 1 + n2 + n1 n0 + n2 + n0 - n1 n1 - n 2 cos 2u1 

(B.8) 

The extrema of this curve are given by 

T 
_ 2non2 

max- 2 + 2 (B.9) 
no n2 

if cos2b1 = +1, which is the transmittance of a thick film with refractive index n 2 , and by 

(B.10) 

if cos 26'1 = -1. By monitoring the extrema of the transmission curve we find subsequent 
values of 

1 
n1d1 = -k>.. (B.ll) 

2 

for the maxima, and 

(B.12) 
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for the minima, with k a positive integer. 

The value of n2 , which must he known in order to solve equation B.lO, is derived from the 
maxima in the transmission curve by solving equation B.9 for n2 • We put of course no = 1. 

In practice, n1 will vary with the wavelengthof the light, the more because zinc oxide has 
an absorption edge at>.=: 400 nm. For large enough wavelengths, however (>. > 750 nm), we 
may assume n1 to be constant. 

The transmittance maxima have an amplitude ofTmax = 0.91. From this value we calculate 
a refractive index n2 of the Corning glass sheet of 1.55 ± 0.01. For the ordinary microscope 
slides, n2 equals 1.55-1.63, depending on the wavelength. The minimum transmittance varies 
between 0.80 and 0.84, yielding a refractive index of the deposited zinc oxide n1 of 1.80-1.88 
(on average 1.85 ± 0.02). 
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Appendix C 

Abbreviations and symbols 

C.l 

a-Si 
o-Si:H 
e-S i 
AES 
AM 
CMA 
CVD 
ESCA 
ESD 
FTO 
ITO 
MACS 
RBS 
SEM 
SIMS 
TCO 
XPS 

C.2 

ll 

p 
Cf 

A 

List of abbreviations 

amorphous silicon 
hydrogenated amorphous silicon 
crystalline silicon 
Auger Electron Spectroscopy 
Air Mass 
Cylindrical Mirror Analyzer 
Chemical Vapour Deposition 
Electron Spectroscopy for Chemica! Analysis 
Electron-Stimulated Desorption 
Fluorinated Tin Oxide 
Indium-doped Tin Oxide 
Multiple-Technique Analytica! Computer System 
Rutherford Backscattering Speetrometry 
Scanning Electron Microscopy 
Secondary Ion Mass Spectroscopy 
Transparent Conducting Oxide 
X-ray Photoelectron Spectroscopy 

List of used symbols 

phase change 
chemical shift of element A in compound X 
determinant 
energy step 
conversion efficiency 
angular efficiency factor 
inelastic mean free path; wavelength 
frequency 
resistivity 
cross section 
area 
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[1] 
[eV] 
[1] 
[eV] 
[1] 
[1] 
[m];[m] 
[s-1] 
[nm] 
[m2] 
[m2] 
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c atomie fraction [1] 
d thickness [m] 
d1,~.3 vector (array) representing basic spectrum [1] 
E energy (eV] 
EA(X) secondary electron energy of element A in compound X [eV] 
Eg bandgap (eV) 
Ek kinetic energy (eV] 
f flux (m-2s-1] 
FF fill factor [1] 
h Planck constant ~ 6.626 x 10-34 J s 
l index 
I intensity of secondary electrans [counts) (XPS) 

(countseV-1] (AES) 
lp current in maximum power point (A) 
lsc short-circuit current (A] 
j total angular momenturn (J s) 
k integer number [1] 

orbital angular momenturn (J s] 
m energy displacement number [1] 
n integer number; refractive index [1];[1] 
no,1,2 refractive indices [1] 
N integer number [1] 
Nord number of points in a roughness measurement [1] 
Ra roughness parameter [m] 
Rq roughness parameter (m] 
R reflectance [1] 
s electron spin [J s] 
s vector (array) representing measured spectrum [1] 
s sensitivity factor [1] 
T detection efficiency [1] 
T. substrate temperature [OC] 
T transmittance [1] 
Voc open-circuit voltage [V] 
VP voltage in maximum power point (V] 
x1,2,a variabie [1] 
y altitude in roughness measurement (m] 
y median altitude [m) 
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