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CHAPTER 0 

INTRODUCTION 

0.1. The soZaP aeZZ gPoup 

The solar cell group of the Department of Applied Physics of the 

Eindhoven University of Technology was established in 1974. This 

group investigates processes for the realisation of cheap photovoltaic 

solar cells for terrestrial appli~ations. Special attention is paid 

to a particular construction of a solar cell. Such a cell consists of 

a cheap substrate. a thin (polycrystalline) silicon film and an MIS 

(Metal Insulator Semiconductor)-structure. It is expected that the 

casts of these cells will be much lower than of these of the convent-

ional pn-solar cell because two expensive steps in the manufacture 

can be avoided. These steps are the pulling of single crystalline 

rods and the subsequent s.awing of the rods for ob taining wafers. In 

a conventional sawing step 50% or more of the red material is lost. 

The cell being the object of investigation is sketched in figure O.I. 

lSUN}IGHI IN 1 
~'WALTRANSPARANT 

,-,( 

- - - - 0. 005 um )V 

INSULATOR ____ _ ::::o. 002 um 

AL-LAYER----- ir.. ÀJV 
50 um ~b~l 

\ .LA tJ.v 

1000 um 
~ 

SUBSTRATE _ __ _ rL ____________ 1r----~~ 
Figure 0.1. Semi-apYstaZZine siZioon soZaP oeZZ with MIS-stPUoture. 

It consists of a cheap foreign substrate (e.g. glass) or a silicon 

substrate of metallurgical grade. a thin polycrystalline silicon film 

and on top of it an MIS-structure. In order te reach the goal the 

research of the group is mainly devoted to three closely related 

fields: 



I. The manufacture of metallurgical graded silicon substrates by 

sintering of silicon powder. 

2. The deposition of polycrystalline silicon films on foreign sub

strates (such as pyrex glass substrates) and on sintered silicon 

in the future. 

3. The preparatien of MIS-structures at room temperatures and the 

investigation of their properties. 

The application of a metallurgical graded silicon substrate has the 

advantage that problems due to mismatch of the thermal expansion 

coefficients of substrate and film can be avoided. 

A thickness of the polycrystalline film between 50 ~m and 100 ~m is 

sufficient for a good solar cell efficiency as can be seen from data 

given by Hevel (1975), apart of good quality with respect to theether 

properties. 

In order to obtain this thickness within a reasonable production time 
-1 

a deposition rate of at least 1 ~m min is desirable. However, when a 

thin silicon film is deposited at these rates on a foreign or non

crystalline substrate a polycrystalline film is obtained with a random 

orientation and crystallite sizes of only a few microns, at temperatures 

below 1000°C. For solar cell applications the silicon layer should 

preferably be semi-crystalline, more especially it should have a 

colurnnar structure with only vertical grain boundaries, because the 

photo current flowsin the direction of the columns, see figure 0. I. 

A method close to a process devised by P.H. Fang (1974) has been 

chosen for the deposition of the silicon film. This process yields 

films with a colurnnar structure on foreign substrates at deposition 

rates of 2-4 ~m min~ 1 and at an initial substrate temperature of 500°C. 

Fang coated the substrates previously with a thin aluminium layer to 

obtain nucleation on a foreign substrate. The silicon was deposited by 

electron beam evaporation. 

A pn-junction seems to be less appropriate for polycrystalline silicon 

solar cells, because uncontrolled diffusion along grainboundaries 

might occur at high process temperatures. MIS-structures, however, 

seem to be more promising because high temperature processing can be 

avoided. 

2 



The preparatien and the properties of MIS-structures produced on 

p-type single crystalline silicon wafers by room temperature processing 

has been described by Kipperman et al. (1977). He obtained an almest 

perfectly insulating thin oxide layer by immersing the sample in a 

streng oxidizing liquid containing fluorine ions. The semi-transparant 

metal layer, see figure 0. J, can be deposited by sputtering or by 

vacuum evaporation. 

The present investigation concerns the nucleation, the growth and the 

properties of silicon films deposited by Fangs method on foreign sub

strates, such as pyrex glass and stainless steel. In our experiments, 
. -] 

however, the deposition rate has been increased up to 50 ~m m~n 

The influence of the substrate, of the nature of the aluminium layer 

and of the deposition parameters on the structure of the films has 

been investigated in detail. The electrical properties of the film are 

discussed in relation to the structure of the film and to the deposit

ion parameters. 

0.2. Outli ne of the thesis 

In chapter l some aspects of the manufacture of silicon layers for 

solar cell applications are discussed. A short survey of processes 

for the deposition of these layers is given, whereas Fangs process is 

described in more detail. This chapter is ended with the considerations 

leading to and supporting the present investigation. 

In chapter 2 a description is given of the electron beam evaparatien 

apparatus and of the evaporation procedure. 

Chapter 3 deals with a thermal analysis of the evaporation process. 

Knowledge of the surface temperature of the growing silicon layer as 

function of time is very important for the study of both nucleation 

and growth. A RC-network simulation model is described which is applied 

for the determination of the surface temperature as function of time 

under various conditions. 

Chapter 4 is devoted to the nucleation and growth of silicon layers 

on aluminium coated substrates. First the method for examinatien of 

the nuclei and of the structure of the layer us ing a scanning elec

tron microscope is described. Next an analysis is given of the 

structure of the silicon layers deposited onto various substrates 
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and of the influence of the deposition parameters on the structure. 

An attempt is made to describe the nucleation on a thin aluminium 

layer. Finally the colurnnar structure of our layers is discussed. 

Chapter 5 deals with the electrical properties of the silicon layers 

as grown. First a short survey of roodels for the "electrical trans

port" in polycrystalline materials is presented. Next the measuring 

techniques for the determination of the electrical properties and 

the measuring results are given. Finally these properties are dis

cussed in relation to the models, the structure of the films and 

to the deposition parameters. 

In chapter 6 the influence of high temperature annealing on the 

structure and on electrical properties of silicon layers deposited 

on aluminium coated and on Sio2-coated substrates is studied. 

Chapter 7 contains the discussion on the evaporation process, the 

concluding remarks and some recommandations for future research. 

4 



CHAPTER I 

THE MANUFACTURE OF SILICON LAYERS 

1.1. IntPoduction 

Extensive reviews on the current status and the development of effi

cient low cost solar cells are given by Fischer (1977), Zoutendykl 

(1978) and Brissot (1977). More detailed information is given in the 

Proceedings of the IEEE Photovoltaic Specialists Conferences (1975/ 

76) and in the Proceedings of the European Photovoltaic Solar Energy 

Conference (1977). 

Broadly two groups of processes for the manufacture of polycrystal

line silicon for solar cell applications can be distinguished. The 

first group encompasses processes in which self-supporting poly

crystalline silicon in the ferm of ribbons, webs or ingots are ob

tained from the liquid phase by pulling ar by casting. If polycrys

talline silicon is obtained in ferm of ingots, slices of about 

300 ~m thick have to be fabricated by a sawing technique. 

The secend group includes processes in which polycrystalline films 

are deposited on a non-silicon or on a metallurgical grade silicon 

substrate by chemica! vapeur deposition or by vacuum evaporation. 

The most important processes in the first group are the Edge-defined 

Film-fed Growth (EFG) technique (Labelle, 1971), the Capillary Action 

Shaping Technique (CAST, Schwuttke, 1978), the web-dendritic growth 

technique (Seidensticker, 1975) and the casting process of Wacker 

Chemitronic (Fischer, 1977). 

In the case of the EFG and the CAST technique ribbons are grown from 

the liquid phase by using shaping dies which are wetted. 

In the web-dendritic growth technique initially a laterally grown-out 

specially oriented (111) twin seed crystal and two supporting den

clrites are used. As this film freezes, the web and the dendrites ferm 

a crystalline sheet, which only contains twin planes. 

At Wacker Chemitronic polycrystalline silicon with a fibreus struc-
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ture is obtained by casting foliowed by a controlled cooling process 

in a ternperature gradient. The grainsize is approximately 100 to 

1000 wrn. Pn-junction formation is achieved by a diffusion technique 

with specific attention to the "fibrous orientation" and the non 

single crystalline structure of the material. Cells with dimensions 

up to 11 x I I cm2 were fabricated, AMO efficiencies of Bi. are 

achieved. 

This chapter deals with processes of the second group. Insection 1.2 

some general aspects of the rnanufacture of silicon layers from the 

gas or vapour phase for solar cell applications are discussed. 

The requirements which the substrate should meet are considered in 

section 1.2.1 whereas section 1.2.2 is devoted to the silicon layer 

itself. First the required structure and the required thickness of 

the layer are considered and some results of efficiency calculations 

for thin film solar cells are given. Next the influence of illumina

tion on the minority carrier diffusion length is discussed and final

ly a classification of the quality of ribbon shaped material, based 

on the dominant de fects, is presented. 

Insection 1.3 recent literature is reviewed on the deposition of 

thin silicon layers by chemical vapour deposition and by vacuum evap

oration. Fangs methad is described in more detail. Besides this 

attention is paid to older lirerature on vacuum evaporation of silicon. 

Inthelast section (1.4) the considerations leading to and support

ing the present investigation are given. 

1. 2 . Some aspects of the manufacture of s ilicon Zayers foP soZar ceZZ 

appZications 

1.2.1. The substrate 

The properties of the silicon layer and thus the performance of the 

solar cell are strongly influenced by the properties of the substrate. 

Frorn a mechanical point of view and to yield favourable electrical 

properties of the layers, the substrate should meet the following 

requirements: 

I. The thermal expansion coefficient should be as close as possible 

to that of silicon. 
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2. The melting point should be above the highest temperature during 

the manufacture of the solar cell. 

3. The impurity content, especially of transition metals, in the 

substrate should be as low as possible, thus to avoid contamina

tion of the silicon layer of the cell with these impurities by 

diffusion. 

4. The substrate should have a low electrical resistance, unless 

it is permitted to use a good conducting interfacial layer 

between the substrate and the silicon layer. 

5. The surface roughness should be such that nucleation and growth 

are not disturbed. 

Besides this the substrate material should be inexpensive. 

Substrates of metallurgical graded silicon are preferred for the ob

vious reason that they have a matching expansion coefficient and a 

high melting point. lf the process temperatures can be kept suffi

ciently low, it appears that glass of appropriate composition can be 

used as well. Pyrex glass has nearly the same expansion coefficient 

as silicon. Both the thermal expansion coefficient and the softening 

temperature depend on the composition viz. the amount of Si0 2 in the 

glass. Metals such as aluminum, steel, and stainless steel cannot be 

used as a substrate because of their relatively high expansion coef

ficient with respect to silicon. 

Regarding the remarks under 3 the performance of the solar cell is 

strongly influenced by the presence of transition metals, such as 

iron and copper. These impurities give rise to deep levels which act 

as traps or recombination centers with large cross sections for cap

ture of both minority and majority carriers . Therefore the impurity 

content in the substrate has to be as low as possible. The allowed 

content strongly depends on the process temperature, because these 

impurities reach the silicon layer by diffusion. 

1.2.2. The silicon layer 

According to Hovel (1975) and Fischer (1977) polycrystalline layers 

can only be used for solar cell applications if they have fibrous or 

colurnnar grains and a sufficiently large grain size. lf the grains 

are randomly orientated only the topmost grains will be able to con

tribute to the photocurrent. Grains which are located further away 
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from the junction cannot contribute to the photocurrent due to a high 

recombination rate at the grainboundaries which separate these grains 

from the junction. 

The useful thickness of the silicon layer for solar cell applications 

is determined by the optica! absarptien coefficient, if the layers 

are single crystalline or polycrystalline with a colurnnar structure 

and having .a sufficiently large grain size. A layer thickness of 

40 ~m yields an absarptien of 86% whereas a thickness of 400 ~m gives 

an absarptien of 96%. For thin film silicon solar cells with a suf

ficiently large diffusion length an optimum thickness seems to be 

between 40 ~mand 100 ~m (Hovel, 1975). 

The active thickness of the silicon layer is determined by the 

diffusion length. This diffusion length 1 is related to the minority 

diffusion coefficient D and the minority carrier lifetime T by 

The diffusion coefficient D is related to the mobility ~ by the 

Einstein relation 

in which 

D kT 
q~ 

k constant of Boltzmann 

T absolute temperature 

q elementary charge 

(I. I) 

(I. 2) 

In 5 n cm p-type single crystalline silicon, used for solar cells, 

~e = 1000 cm2V-ls-l and Te= 4 ~s (Wolf, 1969) we find D = 25 cm s-I 

and 1 = 100 ~m. 

The effective minority carrier lifetime in a polycrystalline silicon 

layer is determined by the minority carrier lifetime in the crystalli

tes, by the size of the crystallites and by the recombination velocity 

at the grain boundaries. 

Efficiency calculations for thin film polycrystalline semiconductor 

solar cells have been performed by Soclof And Iles (1975) and by Lanza 

and Hovel (1977). The short-circuit current and the power efficiency 
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versus grain size have been computed numerically for different layer 

thicknesses of thin film polycrystalline Si, InP and GaAs Schottky 

harrier solar cells by Lanza and Hovel. These computations have been 

carried out for polycrystalline films with a colurnnar structure, bulk 

quality material within the grain and na impurity segregation on the 

boundaries. The three dimensional nature of the grains has been taken 

into account. In order to calculate a "worst case" condition, a fixed 

band bending of 0.2 eV and an infinite recombination velocity at the 

grain boundaries has been taken. 

According to these rather pessimistic calculations the efficiencies of 

10 Urn thick silicon devices are at best 7 percent for large grain 

sizes, dropping to 4.5 percent for 10 Urn grains, campare figure I. I. 

Silicon devices, 25 urn thick, can reach up to 8 percent for grains of 

several hundred microns. 

10 100 

GllAIN Slll . miaoo\ 

AMI 

Figuroe 1. 1. 

The effect of grain size on the 

AM1 effiaienoy of 2-pm-thiok 

GaAs and 10- and 25-pm-thick Si 

!1IS Schottky harrier ceZZs. The 

transmittanae of 75 Ä of Au 

oovered by an AR coating has 

been used. The parameter p 

denotes the resistivity of the 

semiconductor in n cm. (LanzaJ 

19 77). 

The electronic processes at grainboundaries in semiconductors under 

optical illumination were studied by Card and Yang (1977) theoreti

cally. According to them one should not assume the recombination 

velocity at the grainboundaries to be infinite, its value ranges from 
2 -1 6 -1 10 cm s to 10 cm s . According to their calculations for n-type 

polycrystalline silicon Schottky harrier solar cells the short-cir

cuit curren Jsc falls off for minority carrier lifetimes below 
-7 2 x JO sec whereas the open circuit voltage drops for minority car-
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rier lifetirnes below 10-8 sec, see figure 1.2. These values are valid 

for a grain size of 100 ~rn, a doping concentratien of 10 16 cm-3 and 

d . t " . " of I 0 I I cm- 2 eV-I • a ens1 y OL 1nterLace states 

Figw:'e 1 . 2. 

Short-circuit CUJ:'rent J and 
SC 

open-circuit vo~tage V
00 

for 

Schottky barrier and p+-n 

junction so~ar ce~~s of po~y

crysta~line silicon; dependenee 

on lifetime Tp and on grain size 

d (dependence on d assumes Na: 

1016 cm-3 and N. = 1011 cm- 2 
"l-S 

eV). (Card~ 1977). 

An increase of the minority carrier lifetime under illumination be

cause of trap saturation in regions with a high density of disloca

tions in Czochralski grown silicon is shown by Fabre et al. (1975). 

This effect is also reported by Ho et al. (1977) for EFG ribbon 

solar cells. In this case the existence of deep compensated donor 

states in the p-type substrate of the ribbon is assumed. According 

to Ho, under essentially dark conditions the minority carrier (elec

tron) lifetime is controlled entirely by the density and capture 

cross section of these unoccupied and thus positively charged centres. 

As the illumination level increases, however, these states progres

sively trap electroos and become neutral. Their capture cross section 

is thus reduced significantly, which decreases the recombination rate, 

thereby enhancing the lifetime and diffusion length. Ho reports an 

enhancement of the diffusion length from 16 ~m in darkness to 30 ~m 
-2 at a light level of 10 mW cm 

Schwuttke (1978) was able to classify the quality of silicon ribbons 

produced by the capillary action shaping technique (CAST) into four 

groups on the basis of electrical measurements and detailed struc

tural investigations. For each of the groups the measured lifetime 

range, the solar cell efficiency and the dominant defects were given. 
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In the first group the dominant defects are coherent twins stacking 

faults and dislocations below 104 cm-2 . The corresponding lifetirne 

range is 1-10 ~sec and the solar cell efficiency 5-8%. 

In the second group the dominant defects are noncoherent twins, 

multiple stacking faults, low angle grain boundaries and dislocations 
4 -2 above 10 cm . The corresponding lifetime range is 0.01-l ~sec and 

the solar cell efficiency 3-5%. 

In the third and the fourth group the dominant defects are grain 

boundaries, dislocations above 106 cm-2 and silicon carbide dendrites 

on the surface respectively. The minority carrier lifetime is smaller 

than 10-8 sec. The solar cell efficiency in the third group is 1-3%. 

l.J. Survey of processes for the depaaition of silicon Zayers 

A survey of processes for the deposition of thin silicon layers is 

given in table l.I. Two types of processes can be distinguished: 

chemica! vapour deposition (CVD) and vacuum evaporation. 

Chemica! vapour deposition is the decomposition of silane (SiH4 ) or 

another silicon-chlorine-hydrogen compound at a heated substrate at 

which silicon precipitates. Vacuum evaporation is obtained by heating 

a silicon source, such as a crucible containing silicon, in general 

by an electron beam. 

In a number of cases a thin metal layer is deposited onto the sub- . 

strate in order to obtain a better nucleation on a foreign substrate, 

such as stainless steel or graphite. In the table an indication is 

given whether the research was directed to application of the silicon 

film in solar cells or not. 

In the next sections additional information on the various processes 

is given, together with some remarks. 

l.J.l. Chemical vapour deposition 

Chu (1977) investigated the fabrication of thin film pn-solar cells 

on steel, on graphite and on metallurgical graded silicon substrates. 

Both the p-type and the n-type layer were deposited by chemica! 

vapour deposition. The best results were obtained by using metallur-

11 



N Tab l e 1. 1. A survey of processes f or the depaaition of si licon lay er s 

Deposi- Substrate Inter- Substrate Deposit i on Layer Structure For solar Author 
ti on facial temperature ra te thickness of the cell 
method layer (oC) (wm/ min) (\lm) layer appl 

CVD graphite 1250 0.2 10-30 poly crys t. yes, 1.5% Chu (1977) 

CVD metalL 1100-1150 20-30 poly cryst. yes, 5.5% Chu (1977) 
graded Si 

CVD graphite Sn 1130 0.8 30 poly cryst. yes Graef (1977) 

EBE single 1080 0. l-0. 3 35 single cryst. no Unvala (1964) 
crys t. Si 

EBE spinel 850-1000 0.02 JO single crys t. no Itoh ( 1969) 

RH quartz 1000 0. I poly c ryst. no Collins ( 1962) 

EBE quartz 500-1000 0.002-0. 25 poly c ryst. no Mountvala ( 1965 

EBE sapphire 980 0. I 33 poly cr yst. yes, 2% Feldman (1976) 
colurnnar 

~ 

EBE steel Ti 525 4 poly cryst. yes Fang (1974) 

EBE aluminium Al 500 4 30 poly cryst. yes Fang ( 1974) 
colurnnar 

EBE steel Ti 535-650 0.5-2 poly cryst. yes Ephrath (1975) 

EBE steel Al 480-5 20 1-2 30 poly cryst. yes Ephrath (1975) 
colurnnar 

EBE steel Al 480 1-2 25 poly cryst. yes Dey (1978) 
colurnnar 

CVD Chemica! Vapour deposition 
EBE Electron Beam Evapora tion 
RH Evaporation by Resistance Heating 



gical graded silicon suhstrates. These suhstrates were made hy the 

unidirectional solidification of chemically treated metallurgical 

silicon on a graphite plate. These suhstrates contained silicon 

crystallites which are several centimeters long and have a width of 

several millimeters. Solar cells, on these suhstrates containing a 

20 to 30 ~m thick p-type and a 0.6 ~m thick n-type layer, with an 

area up to 30 cm
2

, had an AM! efficiency up to 5.5%. 

From the experiments carried out hy Chu it can he concluded that 

metallurgical graded silicon suhstrates are preterred for thin film 

solar cells to stainless steel and uncoated graphite suhstrates. The 

fahrication of these suhstrates hy theunidirectional solidification, 

however, is a rather complicated process, hecause of the chemica! 

reactivity and the surface tension of molten silicon. 

Graef et al. (1977) have investigated the crystallinity of silicon 

films deposited hy chemica! vapour deposition on liquid layers 

(CVDOLL-process). 

Graphite was used as a suhstrate material and silane (SiH
4

) as a 

souree gas. On uncoated graphite suhstrates the grain sizes were ahout 

3 ~mand 5 ~mat a suhstrate temperature of ll50°C and 1250°C res-
-1 

pectively and a deposition rate of ahout 0.5 ~m min On graphite 

suhstrates, coated with a 5 ~m vacuum evaporated layer of tin, the 

mean grainsize of the crystallites amounted to 20 ~m. If HCl was 

~dded to the gas phase the grain size could he increased further. 

Mean crystallite sizes of 100 ~m and higher were obtained at a tempera

ture of 1130°C and a deposition rate of 0.8 ~m min- 1• 

The work of Graef illustrates that polycrystalline films with con

siderable sizes of the crystallites can he obtained on foreign sub

strates using a thin metal interfacial layer. 

1.3.2. Vacuum evaporation 

Unvala and Booker (1964) have investigated the initia! nucleation and 

growth of epitaxial silicon layers deposited on single crystalline 

silicon substrates hy electron beam evaporation. The deposition of 

silicon on spinel and on sapphire (SOS) for applications in micro-
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electronics was investigated by Itoh (1969) and by Yasuda (1971). 

Feldman (1976) deposited silicon on sapphire substrates for solar 

cell applications. 

In the case of Unvala and Boeker the deposition rates ranged from less 
-1 -1 0 0 than 0.1 ~m min to 3 ~m min (source temperatures 1520 C and 1800 C 

respectively). The deposition time was varied from 0.1 to 15 minutes. 

Layer thicknesses up to 35 ~m were obtained. 

For deposition rates smaller than 0.4 ~m min-I a minimum substrate 

temperature of 1080°C was required for single crystalline growth. The 

reason for the existance of this minimum in temperature is thought to 

be the presence of oxygen contamination prior to the deposition on 

the surface of the silicon substrate. 

Faster deposition rates required higher initial substrate temperatures 
-I 

for single crystalline growth. For a deposition rate of 3 ~ min a 

substrate temperature of about 1220°C was required. 

Some remarkable effects were observed. In some cases, instead of the 

growth becoming polycrystalline when the temperature was lowered, the 

growth continued as single crystalline. Howevér, the continuatien of 

such single crystalline growth could not be obtained for temperatures 

lower than approximately 1080°C. 

It was observed that when the deposition rate was increased beyond 

I ~m min- 1, no stacking fault defects occurred in the layers. 

Thin epitaxial silicon films, with good electrical properties, were 

vacuum deposited on (crystalline) spinel and sapphire substrates both 

by Itoh (1969) and by Yasuda (1971). These films were grown at very 

low deposition rates and high substrata temperatures (compare table 

1.1). Itoh was able to dope these filmston-type by coevaporation of 

antimony from a second souree during growth. In this way 10 ~m thick 

films on (111) spinel substrates were obtained with a carrier concen

tratien between 1.3 10 16 cm-3 and 2.1 10 18 cm-3. The electron Hall 

mobility corresponded to approximately 75% or more of the values 

expected for single crystalline silicon with similar carrier concen

tration. 

Feldman (1976) fabricated polycrystalline pn-solar cells by vacuum 

deposition of a silicon layer on a sapphire substrate. Layers were 
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obtained with colurnnar grains, which were several times longer than 

their cross-section. The pn-junction was made by a double diffusion 

step. The best results were obtained at a substrate temperature of 

980°C. In this case the deposition rate was about 0.1 ~m min-I the 

layer thickness 33 ~m and the grain diameter 5 ~m. This solar cell 

had an AM2 efficiency of about 2%. 

This way of preparing thin silicon films is not suitable for solar 

cell applications because expensive substrates have to be used and 

because of the very low deposition rate. 

1. 3.3. Fangs process and re~ated literature 

Fang (1974) investigated the deposition of silicon layers by electron 

beam evaporation on steel and on aluminium substrates. 

His first approach was the use of a steel substrate, coated with a 

titanium layer. This coating was used as a harrier to prevent diffusion 

of iron into the silicon layer. Iron forms a deep trap for the 

minority carriers in silicon. When silicon is deposited at 525°C or 

above, a well developed Si crystal structure is observed by X-ray 

diffraction. The crystal size, however, was only about 0.3 ~m. 

His next approach was the evaporation of silicon onto aluminium sub

strates, coated with a freshly evaporated aluminium film. According 

to Fang, aluminium is attractive as a substrate material because: 

I. it is a good (p-type) impurity souree 

2. it is even less expensive than stainless steel 

3. it becomes soft at a moderate temperature of 400°C 

4. aluminium and silicon form no compounds and there is a eutectic at 

11.2% of silicon, with a eutectic temperature of 577°C. 

At a substrate temperature of about 500°C and a deposition rate of 
-] 

about 4 ~m min layers were obtained with a colurnnar structure, the 

diameter of the columns being 5 ~m. 

It has to be pointed out, however, that aluminium seems to be less 

appropriate as a substrate material for solar cells, because of its 

very high linear thermal expansion coefficient (34 J0-6K-l at 800K, 
- 6 -1 

Touloukian 1972) with respect to silicon (4.1 10 K at 800K, 

Touloukian 1972)· 

The deposition of silicon films on an aluminium coated substrate is 

called Fangs process in this thesis. 
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Ephrath (1975), whowas co-worker of Fang, reported the evaporation 

of polycrystalline layers on titanium and aluminium coated steel alloy 

substrates. 

The resistivity of these layer·s was determined by the spreadings

resistance technique. However, it is not clear if and how a calibration 

needed for this technique, has been carried out. This restricts the 

reliability of the absolute values of the reported resistivities. 

The grainsize of the silicon films, deposited on the titanium coated 

steel alloy substrates was in the sub-micron range. These films were 

doped by coevaporation of silicon and dopant. The resistivity of the 

undoped, the boron doped and the phosphorus doped silicon films was 
4 2 3 10 n-cm, 10 n-cm and 10 Q-cm respectively. The resistivity of the 

phosphorus doped layer dropped from 3000 Q-cm to 500 n-cm after an 

annealing step of 5 hours at about 500°C, whereas the resistivity of 

the boren doped films decreased little or not at all. 

Films were aiso evaporated onto aluminium coated steel substrates. 

The aluminium layer was 2 to 5 ~m thick, whereas the substrate temper

ature was between 480°C and 520°C. Hi gh deposition rates of between 

2 and 4 ~m min-I were required for layers with columns with a diameter 

up to 5 ~m. The resistivity of these silicon films dropped from 

several hundred to a few n-cm after an annealing step of 5 hours at 

about 540°C. 

Dey et al. (1978) deposited polycrystalline silicon films onto alu

minium coated stainless steel substrates. The thickness of the 

aluminium coating was between I and 2 ~m. The average substrate 

temperature was kept at a temperature between 400°C and 600°C, whereas 

the deposition rate was between I and 2 ~m min- 1• At a substrate 

temperature of about 480°C silicon films with a colurnnar structure 

were obtained, the diameter of the columns being between I and 5 ~m. 

As the substrate temperature appeared to be important for colurnnar 

growth, it was tried to obtain a better estimate of the temperature 

distribution over the substrate by calculation (the substrate was 

clamped to the holder only at one end). Therefore an electrical 

model was presented. This model, however, only holds for steady state 

conditions. The model and the results seem to be questionable: the 

temperature difference between the two ends of the substrate predicted 

to be 24°C turned out experimentally to vary between -38°C and +30°C 
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depending on the deposition parameters. A more appropriate model seems 

to be necessary. 

1.4. Considerations Zeading to and supporting the present i nvestigation 

From the GVD deposition experiments carried out by Graef (section 

1.3.3) it can be concluded that a roetal interfacial layer is desirabie 

in order to obtain polycrystalline films with a sufficiently large 

grain size on a foreign substrate. 

Both Bosnell et al. (1970) and Herd et al. (1972) have reported that 

the temperature at which an evaporated silicon film crystallizes is 

considerably lowered by the presence of a metal. Herd et al. observed 

that in the case of eutectic systems such as Ag-Si(T t=830°C), Al-Si eu 
(Teut=577°C) and Au-Si(Teut=370°C) the crystallization temperature is 

0.72 of the eutectic melting temperature. According tothem the most 

likely explanation for this is that the crystallization is primarily 

controlled by kinetics of diffusion along the interface between the 

silicon and the metal. In the case of volume or surface diffusion ~n 

pure elements, the diffusion coefficient at a certain temperature is 

a function of the melting temperature in such a way that the same 

value of the diffusion coefficient is reached at a higher temperature 

for an element with a higher melting temperature. So it seems reason

able to anticipate that the same relation exists for the diffusion 

coefficient and the eutectic melting temperature in an eutectic system . 

According to McCaldin (1974) the formation of silicon crystallites, 

if silicon is in contact with a thin aluminium layer, is favoured 

by the high value of the diffusivity of silicon in evaporated alu

minium layers (6 I0-8cm2s- 1 at 550°C, see figure 1.3). The value of 

ojT .. ... 

S• UIG I 

; 

1<1 00" 1000" 600• ·~ )00" 
T[MP[RII.TUAE 

Figure 1. 3. 

The diffusivity of Si in solid AZ 

oompared to the diffusivities of 

oommon dopants in solid Si and to 

the usual diffusivities in 

Ziquids. (!1oCaZdin, 19 74). 
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this diffusivity is at least 8 orders in magnitude higher than the 

value of the diffusivities of conventional diffusants in silicon and 

only three orders lower than the value of the diffusivities in liquid 

media. 

A considerable amount of research has been reported (see e.g. Nakamura 

et al., 1975) in the field of amorphous or polycrystalline silicon 

films in contact with aluminium films. In all cases silicon dissolves 

in the aluminium film, is transported by the aluminium film and 

precipitates out in crystalline form at suitable locations. 

These facts together with the evaporation experiments carried out by 

Fang et al. (1974) on aluminium coated substrates show that an alumi

nium film is very suitable to obtain nucleation on a foreign sub

strate. Therefore in the present investigation aluminium has been used 

as an interfacial layer. 

Once the nucleation has taken place epitaxial growth on the nuclei 

can occur. According to Unvala (1964) the surface temperature has to 

be high enough in order to obtain homo-epitaxial growth (see sectien 

1.3.2). 

Therefore, in the present investigation, an ultra high deposition rate 

viz. 20 to 50 ~m min-I has been chosen. At these rates an increase of 

the surface temperature of the growing silicon film can be expected, 

because of the large amount of heat of radiation supplied by the 

silicon souree and because of heat of condensation. 

Besides this it is believed that an ultra high deposition rate can 

lead to a low vacancy concentration, because reconstruction of the 

surface might be reduced at these rates. Evidence for this effect is 

given by Van Vechten (1975). He considered the vacancy cluster 

concentratien in silicon crystals pulled at high rates from the liquid 

phase. lt was observed (de Koek, 1973) that at a pull rate of 0.5 cm 

min-I the vacancy cluster concentratien drops abruptly more than 6 

orders of magnitude, see figure 1.4. This effect is explained by Van 

Vechten as fellows: If the rate of growth is sufficiently rapid then 

the surface planes do not have time to reconstruct to the 7x7, or some 

other low-energy surface configuration containing many vacancies, 

befere they are buried by new growth. Therefore it is expected that 
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Figure 1.4. The aonaentration of A~ and B~ clusters as a function 

of growth rate. (de KoakJ 19?31. 

the crystal quality is favoured by an extremely high growth rate, 

because in that case no reconstruction of the surface can occur and 

thus no vacancy clusters can be formed. 

However, according to Van Enekevert and Giling (1978) surface recon

struction will not occur in a solid-melt system or when in a solicl-gas 

system a high concentratien of adsorbed species is present. In that 

case surface reconstruction has to compete with surface adsorption. 

Experimental evidence on the morphology of grown and etched layers 

shows that surface reconstruction is only expected· in vacuum systems 

and in dilute gas ambients. In the present investigation, therefore 

the arguments of Van Vechten still could apply. 
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CHAPTER 2 

EXPERIMENTAL ARRANGEMENTS 

2.1. Introduetion 

Deposition of silicon films by vacuum evaporation is obtained by 

heating of a silicon source, such as a crucible containing silicon, 

several hundreds of degrees above the melting point of silicon 

(T = 14!2°C). In order to obtain so high a souree temperature most 
m 

authors apply electron beam heating. Collins (1964) is the only one 

who used resistance heating. The deposition rate depends on the eva

poration rate, the source-to-substrate distance and the evaporating 

area of the silicon source. The relation between the evaporation rate 

and the souree temperature is given by Dushman (1962) and is repre

sented in figure 2.1. 

E 
=!_ 

7 

Figure 2.1. 

Relation between the evaporation 

rate v and the reoiprocal tern-
e 4 

perature 10 /T, according to 

Dushman (1962). 

In the apparatus described in section 2.2 a source-to-substrate 

distance of 8.3 cm is used. At this distance the ratio of the depo

sition rate and the evaporation rate is 2 I0-
2, soa few per cent of 

the evaporation rate. Bearing this fact in mind, the deposition rates 
-I . . -1 

we usually apply, ~.e. between I ~m m~n and 50 ~m min , correspond 

to souree temperatures between !680°C and 2000°C respectively, 

according to figure 2.1. 
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In the common electron beam evaporation systems, such as described 

by Unvala (1964), such high temperatures cannot be achieved, because 

the silicon souree is water cooled. The highest deposition rate, 
-I 

reported by Unvala, is about 3 ~m min at a source-to-substrate 

distance of 5 cm, the souree temperature being 1850°C. Thus we did 

not apply water cooling in the apparatus described in sectien 2.2. 

2.2. The evaporation apparatus 

The evaporation apparatus was originally designed for the electron 

beam deposition of metals with high melting points. Some modifications 

have been made for the vacuum deposition of silicon because of the 

high vapour pressure of silicon at the souree temperatures required 
-1 0 

to obtain the desired evaporation rates (10 and I torr at 1717 C 

and 1927°C respectively). 

~ 
to pumping 

unit 

Figure 2.2. The evaporation apparatus. For an explanation of the 

numbers, see text. 
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A sketch of the modified apparatus is given in figure 2.2. The main 

components of this apparatus are the electron gun (1), the crucible (2) 

and the substrate holder (3). These parts are mounted in a pyrex bell 

jar (4) with an aluminium top and bottorn plate. This bell jar is 

evacuated by means of an oil diffusion pump with freon cooling trap 

and a liquid nitrogen trap in series. On the top plate the gauge 

heads (5.6.7) are mounted for the Leybold Hereaus Topatron B residual 

gas analyser. 

The electron gun is a Veeco VeB-6 (Pierce type) provided with an 

electrastatic deflection unit. One of the main advantages of the Pierce 

gun is its high efficiency, which may range to 99.9% or more. The gun 

can be operated at 11, IS and 20 kV, the maximum electron beam power 

is 6 kW. In the experiments described here. the gun is operated at 

I! kV. At this voltage the beam power can be adjusted between a few 

watt and 2 kilowatt. All parts of the evaporation apparatus, that 

might be charged electrostatically during evaporation, have been 

connected to earth thoroughly. Preeautiens have also been taken to 

prevent charging of the bell jar. 

For both the electron beam evaporation of silicon and of aluminium SiC 

coated graphite crucibles are used. These crucibles (2) are placed 

on a thick copper disk (8). which can be rotated such that different 

crucibles can be brought into the beam. 

The copper disk with the crucibles is screened from the rest of the 

bell jar by a stainless steel box (9). The electron beam enters this 

box via a hole in the wall. The substrata holder is mounted over a 

window (10) in the top of this box. The shutter (11) is mounted just 

below the substrata holder (3). In most cases it appears to be 

possible to maintain the pressure outside the box low enough (10-4 to 

10-3 torr) for the correct operatien of the gun, whereas the pressure 

inside the box. above the silicon souree is about 10-1 to I torr. 

If the pressure outside the box rises above 10-3 torr. electrical 

break down takes place within the gun or between the high voltage 

parts and earth. The box also prevents that both the gun and the 

bell jar are contaminated seriously by aluminium or silicon vapeur. 

The substrate holder (see figure 2.3) is a copper disk (12) covered 

with a stainless steel top and bottorn plate (13). The substrates (14) 
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Figure 2.3. 

The substrate holder. 

12: capper disk 

13: stainless steel top and 

bottamplate 

14: substrate 

15: substrate flange 

16: thermocoax resistanoe wire 

17: hole for ohromel-alumel 

thermocouple 

are clamped onto it by means of a stainless steel flange (IS). Sub

strate temperatures up to 650°C are obtained by m~a~s of a thermocoax 

resistance wire (16) inside the copper disk. 

The temperature of the holder is measured by a chromel alumel thermo

couple (17). At the beginning of the process the thermovoltage of this 

couple is determined by the compensation method with a zero indicator 

(Knick) and an mV-source (Knick). To obtain a sensitive recording of 

the temperature of the holder at later stages, during deposition, the 

compensating voltage is kept constant, whereas the deviation of the 

balancing meter is recorded. 

The source-to-substrate distance is 8.3 cm in all experiments reported 

in this thesis. The deposition rates we applied, are between I and 
. -1 

50 ~m m1n , depending on the adjusted beam power. The corresponding 

temperatures of the crucible are determined from the evaporation rates, 

using the data given by Dushman (1962), see figure 2.1. The evaporation 

rate is calculated from the average loss of weight of the crucible per 

unit of time, which is determined experimentally. In this way it is 

found that the temperatures of the crucibles corresponding with the 

deposition rates just mentioned, are J680°C and 2000°C respectively. 
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From the residual gas spectra (see figure 2.4), recorded during 

evaporation of aluminium and silicon it can be seen that nearly all 

the water vapour is converted into hydragen because of gettering of 

2 

2 -s 
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al prior to Al-deposition 

bl during Al-deposition 

cl during Si·deposition 

L.OO.S.l -ótorr 
Ar 

Figure 2.4. The residual gas speatra. 

oxygen by aluminium and by silicon. During evaporation of the silicon 

the partial water vapour pressure is less than 1% of the partial 

hydragen pressure. This means that the deposition of the silicon film 

takes place in a nearly pure hydragen atmosphere. 

2.3. Evaporation procedure 

Either pyrex glass, stainless steel 316 or single crystalline silicon 

substrates are used. If pyrex glass or stainless steel is used two 

identical substrates are mounted, each with the dimensions of 2x3 cm
2

• 

The thickness of the pyrex glass substrates is 2 mm and of the stain

less steel substrates I mm. The area of the silicon substrates is 

several cm2 with a thickness between 0.3 and I mm. 
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Bath the pyrex glass substrates and the stainless steel substrates 

are cleaned ultrasonicly in an alkali rich cleaning detergent (RBS 25, 

Hicol, Rotterdam) followed by a rinse in running hot water. The single 

crystalline substrates are etched in a 40% HF salution and are mounted 

without rinsing in water. 

As aluminium souree material aluminium wire (99.999%) is used whereas 

the silicon vapour is obtained from available silicon waste material. 

The latter material is single crystalline, p-type and has a resistivity 

of about 100 ~-cm. It is cleaned by dipping it first in a salution of 

I part HF (40%), 3 parts HN0
3 

(65%) and 6 parts CH
3

COOH (95%) and 

finally in an HF (40%) solution. 

The films are doped by adding I at 7. baron (99.999%) to the silicon 

crucible. Befare evaporation the content of the crucible is homogenized 

by electron beam heating. For this purpose the melt obtained is kept 

several minutes at a temperature of about 1500°C. 

The evaporation procedure is as follows: 

I. The substrates are mounted on the substrate holder 1n such a way 

that a good thermal contact is achieved. 

2. The system is evacuated to 10-6 torr. 

3. The substrate holder is heated to the desired temperature, usually 

between 500°C and 650°C. During heating the pressure is kept below 

5 x I 0-6 torr. 

4. The aluminium film is evaporated onto the substrate. The deposition 

rateis between 0.1 and 0.5 ~m min-I and the film thickness is 

between 0.5 and 2 ~m. 

5. In order to avoid oxidation of the aluminium film, the silicon film 

is deposited immediately after the deposition of the aluminium film. 

Oxidation of the aluminium film disturbs the nucleation. The depo

sition rate for the silicon film is between I and 50 ~m min-I and 

the film thickness is between a few ~m and about 70 ~m. 

6. The substrates with the films are allowed to cool down slowly to 

room temperature, with a cooling rate of about 3°C/min. 

The . increase of the substrate holder temperature during deposition 

of the aluminium and of the silicon film is recorded. 

The films are inspected first by using an optica! microscope and the 
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thickness is determined by a thickness gauge. After this the nucleation 

and the structure of the film are stuclied with the aid of the scanning 

electron microscope (Cambridge 5600). This study is described Ln 

detail in chapter 4 and 5. In that stage both the thickness of the 

aluminium film and of the silicon film can be measured more accurately 

at a fractured edge of the film. The average deposition rate is calcu

lated from the thickness of the film and the deposition time. 
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CHAPTER 3 

THERMAL ANALYSIS OF THE EVAPORATION PROCESS 

3.1. Introduetion 

The surface temperature of the growing silicon film as a function of 

the time is obviously very important for nucleation and growth. This 

will be further elucidated in chapter 4, which is devoted to these 

phenomena. It is expected, however, that the actual surface tempera

ture increases strongly during growth because of the large amount of 

radiation received from the silicon souree and because of the large 

amount of heat of condensation at high deposition rates. 

Unfortunately, the actual surface temperature cannot he measured 

directly by means of a thermocouple or an infrared thermometer. The 

installation of a thermocouple would disturb the process studied. 

The determination of the surface temperature by means of an infrared 

thermometer requires an accurate knowledge of the infrared emission 

coefficient of the growing silicon film, which is not available. More

over, in our system a measurement of this type can never he of sufti

eient accuracy because of the comparatively large amount of radiation 

from the silicon source, because of its high temperature viz. between 

1650 °C and 2000 °C. Because of the complicated geometry, it is very 

hard to determine the amount of radiation which reaches the detector 

from the crucible directly and by reflection via the walls of the 

system. 

Therefore we had to look for an indirect approach for the determina

tion of the surface temperature of the grqwing silicon film. We 

observed that this surface temperature is closely related to the 

temperature of the thick copper substrate holder, which can be 

measured easily by a thermocouple, see figure 3.1. The close relation 

between these temperatures is because of the thight coupling between 

the growing surface and the holder by the thermal conductance of the 

substrate. 
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In trying to analyse this relation further, we started to consider 

the analytic approach. It is clear that the temperature of the growing 

silicon surface as well as that of the substrata holder are given by 

thermal diffusion equations with boundary conditions. It seems that 

the solution of these equations can never be simple because of the 

complicated boundary conditions: i) the position of the surface of the 

silicon film is time dependent, ii) the radiation losses of the film 

surface and of the surface of the substrate holder are proportional to 

the fourth power of the absolute temperature and iii) the substrate 

holder contains a heat souree (see figure 2.3). 

Numerical techniques are known in principle for the solution of a 

parabolic diffusion equation related to a single medium with a moving 

boundary (Stephan Like Problem, Deuglas et al., 1955), which however 

is obviously too large a simplification for our problem. Even for this 

approach where no allowances have been made for the conditions just 

mentioned under ii) and iii), the algorithms for the numerical solu

tions are very complicated. Taking into account the influence of the 

radiation of the film surface and of the substrate holder (ii) and the 

heat souree in the substrata holder (iii), which give rise to extra 

algebraic equations, one is faced with numerical techniques which are 

nearly unwieldy. 

Thus having to look for another approach we investigated simulation 

methods. Brasz (1977) carried out a comparative study of several 

methods for the simulation of heat-exchange processes. One of his 

results is that problems including diffusion phenomena can be solved 

easier by RC-network simulation than by applying ether simulation 

techniques. Another important reasen to apply the RC-network sirnula

tien technique is that the simulation of our thermal system including 

the introduetion of the boundary conditions appears to !ie rather 

simple. 

In sectien 3.2 the mathematica! model is developed, i.e. the set of 

algebraic and differential equations descriliing the liehaviour of tli.e 

process temperatures. It is then shown that the prolilem can lie 

treated in one dimension if a number of admissible assumptions are 

made. 

Sectien 3. 3 is devoted to the electrical RC""fletwork model whidi_ serves 
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as a simulation unit for the study of the influence of the deposition 

parameters of the evaporation process on the temperature of the 

surface of the growing silicon film and of the substrate holder as a 

function of the time. 

In sectien 3.4 the simulation results are presented. Because the 

surface temperature of the silicon film cannot be measured directly, 

a comparison is made between the temperature of the substrate holder 

as a function of the time as determined experimentally and by 

simulation, in order to cheque the model. 

The surface temperature of the growing silicon film as a function of 

the time, as found by simulation, will be discussed for various 

substrate materials at various deposition rates. 

3. 2. The mathematica l model 

3.2 .1. Synopsis of t he thermal dynamics 

We start with indicating the trend of the surface temperature l) when 

preparing the substrate to receive the aluminium film, 2) during the 

deposition of this film and 3) during deposition of the final silicon 

layer. 

I. Before the deposition is started, the substrate holder is heated 

to its initial temperature by the inside mounted thermocoax heating 

wire (see figure 3.1). In the steady state the supplied electrical 

power i s equal to the sum of the power lost by radiation of the 

surface of substrate and -holder and the power lost by conduction 

via the stainless steel mounting strip of the helder. 

2 . During deposition of the aluminium film only a small increase of 

the surface temperature is expected because of the small amount of 

heat of condensation and of heat of radiation from the aluminium 

souree and because of a decrease of the emission coefficient of the 

substrate because of the aluminium coating. After deposition a new 

steady state will be reached in which the slightly higher surface 

temperature is determined by the emmision coefficîent of both the 

aluminium film and of the substrate holder and by the supplied 

electrical power, cernpare l) . 

3. During deposition of the silicon film, at a high deposition rate, 

a large amount of heat is supplied to the film, being heat of 
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radiation from the silicon souree and heat of condensation. In this 

stage of the process a strong increase of the surface temperature 

and of the temperature of the holder should be expected. 

During silicon deposition the holder temperature will also be in

creased somewhat by heat of radiation received by the substrata 

flange and supplied to the substrata holder by conduction. 

3.2.2. Assumptions 

In order to derive a mathematica! model i.e. to formulate the set of 

differential equations and algebraic equations descrihing the behav

ier of the temperatures, a number of assumptions has been made: 

I. The deposition rate vd is the same for all points of the substrata 

surface. This is demonstrated by the thickness of the silicon film 

which is rather constant as can be seen from SEM observations of a 

fractured edge. On the side the thickness is at most 15 % lower 

than in the central part of the film. 

2. The temperature equalization coefficient of the substrata holder 

is infinite. This assumption seems to be realistic because the 

substrata holder mainly consists of copper, which has a very high 

temperature equalization coefficient (see table 3.2 in the appen

dix of this chapter). This means that for the maximum heat flows 

estimated, the temperature is almost the same in all points of the 

substrata holder, with deviations less than I 
0 e at a nominal 

temperature of 500 °e. 
3. There are no heat flows in the xy-plane (compare figure 2.3) of 

the silicon film, of the aluminium film, of the substrate and of 

the stainless steel cover plate (13). It seems permitted to make 

this assumption because of the small thickness of the films, of the 

substrata and of the cover plate compared to the length and width 

of the substrate. Most and for all the equality of the temperature 

in the xy-plane of the thick copper substrate holder contributes 

to this assumption. 

4. The material constants are independent of temperature. 

5. The area of the substrata is so large compared to its thickness 

that edge effects can be neglected. 

6. The heat transfer from the crucible to the substrata flange can 

be described by one effective emission coefficient ~sf· 
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With these assumptions the problem can be treated as a one dimensional 

problem. 

3.2 . 3. Heat equations 

In the following all equations will be given for the heat flows 

corresponding with one cm2 of silicon film. This means for example 

that in the heat equation for the substrate holder .a heat capacity is 

used which is equal to the total heat capacity divided by the number 

f 2 . 8 2 ? cm, wh~ ch amounts . 7 cm. 

The temperature of the substrate holder is, as can be seen from 

figure 3. I, determined by: 

cpel + cp 2 + q, 3 (3 . I) 

where 

cpradsh 

and 

cp4 

with 

cp el 

cp2 

q, 3 

cp radsh 

cp 4 

csh 

Tsh 
T 

0 

Ash 

E: sh 
a 

R 

t 

electrical power supplied to the substrate holder 
-2 

(W cm ) 

(3. 2) 

(3.3) 

power supplied to the substrate helder, by the substrate, 

via the stainless steel plate (W cm-2) 

power supplied to the substrate helder, by the substrate 

fl · h · 1 1 plate (W cm-2) ange, v~a t e sta~n ess stee 

lost by the substrate holder by radiation 
-2 

(W cm ) power 

conduction (W 
-2 

power lost by the substrate holder by cm ) 

heat capacity of the substrate holder (J K-1 -2 
cm) 

temperature of the substrate holder (K) 

ternperature of the wall of the bell jar (K) 

effective radiating area of the substrate holder (I) 

effective emission coefficient of the substrate holder 

Stephan-Boltzmann constant (Wcm- 2K- 4) 

thermal heat resistance of the mounting strip (KW-I cm
2

) 

time (s) 

The heat transport in the z-direction in the silicon film, in the 
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aluminium film, in the substrate and in the stainless steel cover 

plate (see figure 3.1) is given by the temperature diffusion equation: 

where 

p 

c = 
À 

-3 density (g cm ) 
-1 -1 

specific heat (J g K ) 

heat conductivity (W cm-J 

(3.4) 

z co-ordinate in the direction of growth, campare figure 3.1, 

(cm). 

The heat transfer at the surface of the silicon film is given by 

where 

with 

~in Si = ~I + ~rad Si (3.5) 

~in Si 

~in Si 

~I 

~rad Si 

~rad cru 

~eend 

~sol 

~Hcp 

~rad cru + ~cond + ~sol + ~Hcp (3. 6) 

power supplied to the silicon surface (W cm-2) 

power lost by conduction via the substrate to the 
-2 

substrate holder (W cm ) 

power lost by radiation from the surface of the 

silicon film in all directions, except in the direction 
-2 of the crucible (W cm ) 

net power supplied to the silicon surface from the 

crucible by radiation (W cm-2) 

amount of heat of condensation liberated at the 

silicon surface per unit of time (W cm- 2) 

amount of heat of solidification liberated at the 

silicon surface per unit of time (W cm-
2

) 

amount of heat liberated at the surface when the 

solidifying silicon cools down to the surface temper-

ature with the exception of the heat of condensation 

and solidification (Compare eq. 3.10) (W cm- 2) 

The term ~rad cru' descrihing the net radiation heat transfer between 

the crucible and I cm
2 

of the silicon film can, according to Chapman 

(1974), be written as: 
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with 

<Prad cru 

F
1
o (T

4 
- T

4 
) 

c ss 
(3. 7) 

shaping factor, which accounts for the fraction of the 

radiation from the crucible reaching I cm2 of the silicon 

film 

Tc temperature of the crucible (K) 

Tss surface temperature of the silicon film (K) 

~ effective emission coefficient of the crucible c 
~Si emission coefficient .of the silicon film. 

For the other terros of equation (3.6) we can write: 

<Pcond 

<Psol 

<PHcp 

where 

l\Hcp 

with 

p 

vd 
LIH cond 
LIH sol 
l\Hcp 

Cp I 

Cp2 

pvdl\Hcond 

pvdl\Hsol 

pvdl\Hcp 

Cp
1

(T + 1683K) + Cp
2

(I683K- T ) 
c ~s 

density of the silicon film (gcm- 3) 

deposition rate (cms- 1) 

heat of condensation of silicon (Jg-l) 

heat of solidification (Jg- 1
) 

(3.8) 

(3 . 9) 

(3. 10) 

(3. I I) 

heat liberated at the surface with the exception of 

heat of condensation and solidification (Jg-l) 
-1 -I 

specific heat of silicon 1n the vapour phase (Jg K ) 

specific heat of silicon in the solid phase (Jg-l K- 1
) 

The amount of heat transmitted by radiation from I cm2 of silicon 

f ilm, except in the direction of the crucible is given by Lamberts Law: 

rr/ 2 

- T~) I 2rrcosasinada 

a, 

(3. 12) 

a is the solid angle with respect to the normal on the silicon film . 

As the solid angle of the crucible seen from a point of t he silicon 
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film is very small (a
1 
~ 0.1) this expression can be simplified to: 

(3. 13) 

The heat supplied to the substrate flange mainly consists of radiation 

coming from the crucible. The heat transfer at the surface of the sub

strate flange is given by: 

<Pin sf 

with 

<Pin sf 

4>6 

<!>rad sf 

4>6 + <!>rad sf (3. 14) 

power supplied to the surface of the substrate flange 

by the crucible 
-2 

(W cm ) 

lost by conduction to the substrate holder 
-2 power (W cm ) 

power lost by radiation from the surface of the substrate 

flange in all directions, except in the direction of 

the crucible (W cm-2) 

In the analogy of equation (3.7) and (3.13) we can write for <Pin sf 

and <~>rad sf: 

and 

with 

F
2 

o (T
4 

- T
4 

) c _ sf 
<Pin sf = -:-I-7/-:-E:-c----:-+--71/7 E:.;..

5
_f __ -;-l (3. 15) 

(3. 16) 

shaping factor 

effective radiating area of the substrate flange per 

cm2 of the substrate (I) 

emission coefficient of the substrate flange 

surface temperature of the substrate flange (K) 

3.2.4. The coefficients 

The coefficients of the equations given above, can be divided into 

two groups. The first group contains the material constants which are 
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known from literature whereas the secend group contàins the coeffi

cients which are not known from literature or which depend on the 

system. 

The following coefficients have been determined experimentally: 

a) The emittance of the substrate holder; 

b) The emittance of the uncoated and of the aluminium coated substrates 

and of the substrates coated with both aluminium and silicon; 

c) The effective emission coefficient of the crucible and the shaping 

factors F 1 and F
2

; 

d) The temperature of the crucible at a given deposition rate. 

ad a) In the steady state the temperature of the holder is determined 

by the emittance of the substrate and of the substrate holder and 

by the electrical power supplied to the substrate holder. The 

emittance of the substrate holder has then been determined by 

using a graphite substrate with a known emittance (0.85, Touloukian 

1972) and by measuring the supplied electrical power and the 

resulting holder temperature in steady state. In this way it is 

found that this ernittance is 0.44. 

ad b) The emittance of the uncoated substrates is not known accurately. 
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The ernittance of stainless steel depends on the composition of the 

steel, on the surface roughness and on the degree of oxidation, 

whereas the ernittance of single crystalline silicon also depends 

on the doping level. The ernittance of bulk pyrex glass is known, 

but not so the ernittance of a pyrex glass plate mounted on stainless 

steel (see figure 2.3). Therefore the emittance of both the uncoated 

and the coated substrates has been determined experimentally. 

To this end we measured in the steady state at a given level of 

electrical power supplied to the substrate holder, the final tem

perature . This result together with the emittance of the substrate 

holder as determined under a) yields the emittance of the substrate. 

The emittance of the aluminium coated substrates and of the sub

strates coated with both aluminium and silicon has been determined 

immediately after deposition as soon as steady state has been 

reached. The results are given in table 3.1. 



substrate uncoated coated with coated with both aluminium 
aluminium and silicon 

pyrex glass 0.28 o. 19 0.80 

stainless steel 0.70 0.60 o. 71 

single crystal- 0.32 0.05 0.32 
line silicon 

TabZe 3.1.: Emittanoe of unooated and ooated substrates. 

In all cases the emittance of the substrates drops after deposition 

of the I ~m thick aluminium film. This is expected because of the low 

emittance of polished bulk aluminium (0.04, -0.19, Touloukian 1972). 

The high value of the aluminium coated stainless steel substrates is 

probably caused by the strong penetratien of the surface morfology 

of stainless steel into the aluminium film, the boundaries of the 

stainless steel crystallites are forced upon the macrostructure of 

the aluminium layer. This has been observed by the use of an optica! 

microscope. 

The high values of the emittance of the silicon films on the stainless 

steel and on the pyrex glass substrates are caused by the surface 

roughness of the polycrystalline film itself. The surface roughness 

of the silicon films deposited on aluminium coated (polished) single 

crystalline substrates is much less, as observed by the scanning 

electron microscope, which explains the lower emittance. 

ad c) The effective emission coefficient of the crucible Ec has been 

determined at the melting point of silicon, because this point 

has a well defined temperature, known to be 1412°C. Ec has been 

determined from the heat transfer between the crucible, filled 

with silicon and kept just at the melting point, and a plate 

mounted on the substrate holder, compare figure 2.3. 

This heat transfer is influenced, however, not only by Ec but also 

by a shaping factor F
3 

which accounts for the fraction of radiation 

reaching the plate. Thus two experiments are needed to determine 

both Ec and F
3

. In the first experiment the heat transfer between 

the crucible and a graphite plate with a known emittance (E = g 
0.85) is determined, whereas the second experiment concerned the 

heat transfer between the crucible and an aluminium plate with 

a known emittance (Eal = 0. 14). The amount of heat transferred 
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to the plate, per unit of time, was determined by measuring the 

temperature rise of the substrate holder. The heat transfer in 

these two experiments can be described by: 

and 

with 

(3. 17) 

(3. 18) 

~g amount of heat supplied per unit of time to the graphite 

plate by radiation (W) 

~al amount of heat supplied per unit of time to the alumi

nium plate by radiation (W) 

A = area of the graphite plate (cm2) 
g 

Aal area of the aluminium plate (cm2) 

F
3 

shaping factor 

E effective emission coefficient of the crucible 
c 

Eg emittance of the graphite plate 

Eal emittance of the aluminium plate 

Tc temperature of the crucible (K) 

T temperature of the graphite plate (K) 
g 

Tal temperature of the aluminium plate (K) 

From these two experiments, using equation (3.17) and (3.18), Ec = 
0.36 and F

3 
= 0.09l has been found. The values of the emittance 

of liquid silicon in literature, used for the thermal analysis of 

ribbon growth processes are 0.22 (Harrill et al . , 1977) and 0.3 

(Zoutendyk2 , 1978) respectively. Our value is somewhat higher 

because of the SiC coated edge of the crucible which has a high 

emittance 0.8 (Touloukian, 1972). 

The shaping factors F
1 

= 0.081 and F2 = 0.015 (see equations (3.7) 

and (3. 15)) have been determined by measuring the heat transfer 

between the crucible and the substrate holder with a graphite 

plate covering its whole bottem side and by measuring the heat 

transfer between the crucible and the substrate holder provided 

with a graphite substrate with standard dimensions, mounted by 

means of the substrate flange. 



From the values of F 1 and F2 following from geometrical consider

ations, compared with the actual measured values just mentioned, 

it can be concluded that about 85% of the radiation supplied to 

the substrate and to the substrate flange coming from the crucible 

is transferred by reflection via the walls of the box (compare 

figure 3.1). 

From the relatively small increase of the temperature of the sub

strate holder at the high deposition rates we usually apply, it 

was concluded that the emission coefficient of the crucible E 
c 

has to be lower at a temperature between 1800°C and 2000°C than 

at 1412°C. 

Therefore, this emission coefficient Ec has been determined experi

mentally at a temperature of the crucible of 1910°C, corresponding 

toa deposition rate of 20 ~m min- 1• This has been done by measuring 

the heat transfer between the crucible and a single crystalline 

wafer, with a known emission coefficient, mounted on the substrate 

helder. A single crystalline wafer has been chosen, because it 

appeared that the emission coefficient of the wafer did not change 

by the silicon layer deposited onto it. 

The heat transfer was determined in a similar way as described 

above. Ec was calculated by means of equation (3.7), taking into 

account the heat of condensation and the heat of solidification. 

In this way it was found that the emission coefficient of the 

crucible E is 0.12 at atemperature of 1910°C, which is much lower 
c 

than the value of 0.36 at 1412°C. 

ad d) The temperature of the crucible has been determined from the 

evaporation rate in the way described in section 2.2 and the 

deposition rate is calculated from the layer thickness and the 

deposition time, see sectien 2.3. 

3.3. The RC-model 

3.3.1. The principle of the simulation 

First it will be shown that the problem of thermal diffusion in a 

one dimensional medium, described by the diffusion equation (3.4), 
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can be simulated by an electrical RC netwerk. Therefore the diffusion 

equation (3.4) is transformed into a set of difference equations by 

segmentation of the z coordinate. This is done by applying the follo

wing central difference scheme: 

( d2~) = ·[CTn) _ (Tn) l x llz 
dz n dz n+! dz n-! 

(3. 19) 

and 

(dTn) = 
\ . 

dz n+l 

(dTn) = -T~n __ - __ r~n_-~l 
dz n- ! 6z 

(3 . 20) 

where n denotes the nth segment in the z direction, see figure 3.2a. 

Applying (3. 19) and (3.20) to the temperature diffusion equation (3.4) 

leads to: 

dT À { 
pcllz ~ = - (T - T ) - (T 

dt Óz · n+l n n 
- T )} n-1 (3.2!) 

The equation descrihing the potential in the netwerk represented in 

figure 3.2b is: 

dVn I { . . } 
C - - - (V - V ) - (V - V ) dT - R n+J n n n-1 (3.22) 

and has exactly the sarne forrn as equation (3.21). If the heat flows 

are sirnulated by corresponding electrical currents and the temperatures · 

by voltages, equation (3.21) can be represented by the RC-network of 

figure (3.4b) . 
62 -n 

z -
a) 

b) 

Figure 3.2 . The prinoipZe of the RC-network simuZation 

a) A one di mensionaZ medium 

b) The oorresponding RC-network 
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RAD. SIMU-I 
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SUBSTRATE I 
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HEATER 
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I TOR: SUBSTRATE I 
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~~>rad,s:f 

PYREX GLASS SUBSTRATE 
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I 
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I 
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Figure 3.3. An outline of the RC-network model. The electrical currents in the network are denoted 

by the same symbols as used in figure 3.1. In the case represented here , the use of 

a pyrex glass substrate is simulated. 



The heat capacity pc~z of a segment, see figure 3.2a, is simulated 

by an electrical capacitor C whereas a "thermal resistor" \z by an 

electrical resistor R. 

3.3.2. The RC-netwoPk 

An outline of the RC-network model used for the simulation experiments 

is given in figure 3.3. 

The substrate helder, campare figure 3.1, is simulated by means of one 

large capacitor, whereas the electrical heating power supplied to the 

holder is simulated by means of a current souree and the power lost 

by the holder via radiation is simulated by means of an appropriate 

netwerk. Networks of this type are described in the next sub section. 

The conduction of heat along the mounting strip of the holder is repre

seneed by a resistor. 

RC simulating units for pyrex (2mm thick), for stainless steel (I mm 

thick) and for single crystalline silicon (I lll1I\ thick) substrates are 

available. Each of these simulating units contains 10 RC segments. 

The number of segments has been selected such that comparison of the 

electrical step response of the netwerk with the response calculated 

for a simple pyrex plate yielded a neglectible difference. 

The simulation of the growth is described in one of the next sub 

sections. 

The amount of heat supplied to the growing surface per unit of time 

is simulated by a current source. 

The radiation of the three different substrates, uncoated, coated with 

aluminium and coated with both aluminium and silicon, are simulated 

by means of 9 "radiation simulators". Each of these simulators corres

ponds to one of the numbers of table 3.1. 

The amount of heat supplied to the substrate flange per unit of time 

and the radiation transmitted by the flange are simulated by a separate 

current souree and by a separate radiation simulator respectively. 

The sealing parameters have been chosen such that 10 seconds in the 

model corresponds with I secend in the process, and I volt and I ~A 

with 100°C and I watt cm-2 respectively. The potentials in the netwerk 

are measured with a Keithly 602 electrometer and registrated by means 

of a recorder. 
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3.3.3. The simulation of radiation 

The relation between the current ir and the applied voltage Va of the 

netwerk which simulates the power transmitted from a surface with 

ternperature Ts by radiation has to be of the farm, if Ts >> T
0

, : 

i 
r 

(3.23) 

The constant Cr is deterrnined by the emission coefficient, the effective 

radiating area and the sealing parameters. The current-voltage charac

teristic represented by these lines is realized by means of the netwerk 

of figure 3.4b, consisting of resistors and diodes. The latter respec

tively start to conduct ene after another, depending on the selected 

voltages E1 to E6 , if the voltage Va is increased. In this way a 

strongly non linear function can be obtained. 

The low ohmic resistor chain R
1 1 to R16 provides the fixed potentials 

E1 to E7. Each of the resistors R1 to R6 corresponds with one segment 

of the braken lines and is calculated in the . following way: 

If Va < E2-Ed, with Ed being the knee voltage of the diode, then 

If 

i 
r 

E2-Ed 

i r 

i 
r 

V -E 
a I _R_I_ 

< V < E3-Ed a 

V -E a I ---+ 
RI 

V a-EI 
+ _R_I_ 

V 
a 

V 
a 

(3. 24) 

then 

- (E2+Ed) 

R2 
(3. 25) 

+ .... + (3.26) 

R
1 

to R
7 

are calculated at the intersecting points in figure 3.4a 

using the equations (3.23) and (3.26). 

3. 3.4. The s i mulation of t he growth 

The principle of the simulation for the growth is represented by the 

netwerk of figure 3.5. This netwerk consists of a number of capacitors 

and resistors which can be connected to the netwerk by means of 

46 



12 

10 

<t 
3 

8 

~ 

6 

I. 

2 

---
0 2 

/ 

" 

/ 
/ 

I / 
I / 

'/ / 
/ 

/ 

10 

---

12 
a) 

b) 

Figure 3.4. The simulation of radiation. 

a) The current-voltage aharacteristic. 

b) The electriaal network. 

switches. Each capacitor and its corresponding resistor simulates a 

very thin layer of silicon e.g. with a thickness of 1 ~m. The growth 

is simulated by switching one successive capacitor and one successive 

resistor to the netwerk at fixed time intervals. The switching rate 

is determined by the deposition rate. 

R R R R R 

Figure 3.5. The simulation of growth. 
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By connecting the capacitors to an appropriate voltage Vc before they 

are switched onto the network, the initial temperature of the thin 

silicon layer can be simulated. 

In the beginning a test model was built in which the switching was 
-I 

carried out by hand. To simulate a deposition rate of I ~m s every 

IO seconds one successive RC-combination was switched to the network. 

Because of the time sealing IO seconds in the model correspond to 

I second in the deposition process. 

Later on a simulator for the growth was built, based on the same 

principle using an electronic switching system. In this system 

the switches of figure 3.5 are replaced by reed relays. The control 

of these relays is carried out by means of a digital timing unit. 

This unit consists of a digital clock and a number of shift registers 

in series. The succeeding outputs of the shift registers are connected 

via buffer amplifiers to the successive reed relays. In this way 

a new RC-combination is connected to the circuit at fixed time 

intervals. The width of the segments can be chosen to correspond 

to I0- 3 I0- 2 IO-I I or IO "m in reality. ' , ' ...... 

3.4. Simulation results 

In this section the relation between the power supplied to the silicon 

surface ~in Si and the deposition rate vd will be represented, next a 

comparison will be made between the temperature of the substrate 

holder as a function of the time as determined experimentally and by 

simulation. Finally the surface temperature as a function of the time 

will be given for various substrates at various deposition rates. 

3.4.1. The amount of heat supplied to the silicon surface 

An important quantity in the simulation experiments is the power 

supplied to the silicon surface ~in Si' compare equation 3.6. 

~in Si depends on the deposition rate vd (equation 3.6 and 3.8-JJ) 

and on the temperature of the silicon soureeT (equation 3.7). Be~ 
c 

cause the deposition rate is proportional to the evaporation rate 

and because the evaporation rate is directly related to the tempera

ture of the silicon souree Tc' eompare figure 2.1, each souree 

temperature corresponds to one particular deposition rate vd. So in 
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-----:::7""oo-- <!>rad cru 
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Figure 3.6. The power suppZied to· the siZiaon surfaae as a funation 

of the daposition rate V d• as gitJen by equation 3. 6• for 

a pyrex gZass substrate aoated witn botn aluminium and 

siZiaon. 

fact ~in Si can be considered as a function of vd only. This relation 

has been plotted in figure 3.6 for pyrex glass substrates. 

From this plot it can be seen that ~ d forms the largest contri-
-l ra cru 

bution in ~in Si for vd<32 ~m min whereas at higher deposition rates 

the heat of condensation gives the largest contribution. 

3.4.2. Comparison of the simuZation resuZts with experimentaZ resuZts 

Now a comparison will be made between the temperature of the substrate 

holder as a function of the time as determined experimentally and by 

simulation, cernpare figure 3.7a. 

It has to be emphasized that the temperature of the substrate holder 

is the only temperature in the process which can be measured. 

In the experiment, in which a silicon layer was deposited on an 

aluminium coated pyrex glass substrate at an average deposition rate 

of 20 ~m min- 1, the following stagescan be distinguished: 

I. The steady state befere the processis started (t<Osec) 

2. The stage in which the aluminium film is deposited (Osec<t<l80sec). 

3. The stage in which the silicon souree is heated to the desired 

temperature (180sec<t<375sec). This is done by heating the souree 

first to the melting point (1412 °e), melting the silicon at 1412 
0 e and finally heating the souree to the desired temperature. The 

melting of the silicon takes the major part of the time in this 

stage. 
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The surface temperature as a 
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2 mm thiak pyrex glass substrate 

and a silicon deposition rate of 
20 ~ min-l 

4. The stage in which the silicon is deposited at a high rate (in this 

case 20 ~m min- 1) onto the aluminium coated substrate (375sec<t<525 

sec). 

In the simulation it is assumed that the emission coefficient of the 

substrate changes instantaniously at the beginning of the second and 

of the fourth stage, campare table 3.1. For the temperature of the 

silicon souree in the third stage 1412 °C has been taken, being the 

melting temperature of silicon. 

Fr01n figure 3. 7a it can be seen that the difference between the 

temperature of the substrate holder as determined experimentally and 

by simulation is at most 3 degrees. This difference is rather small 

if one considers the large number of system dependent coefficients, 

which had to be determined experimentally. We think that the "delay" 

in the temperature as determined experimentally, is mainly caused by 

the thermal time constant of the thermocouple. 

In figure 3.7b the corresponding surface temperature as found by 

simulation has been plotted. 
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3. 4. 3. /(e cu.l t.,:; 

Now the surface temperature Tss and the substrate holder temperature 

Tsh as a function of the time, as found by simulation, are discussed 

for a 2 mm thick pyrex glass substrate. This is done for various 

silicon deposition rates, see figure 3.8. During the whole simulation 

the supplied electrical power ~el (see figure 3.1) is kept constant, 

as is done in the real evaparatien process. The third stage, as 

described in sectien 3.4.2, is omitted in these simulation experi

ments for simplicity. The emission coefficients have been changed 

instantaneously at the beginning of each new stage. 

In the first stage of the process the substrate holder is heated to 

its initial temperature. At the end of this stage a steady state has 

been reached. In this state the radiation of the substrate surface 

causes a net heat flow from the substrate holder to the substrate 

surface (compare figure 3.1), resulting in a surface temperature Tss 

which is lower than the temperature Tsh of the substrate holder, see 

figure 3.8 (t<Osec). 

In the secend stage (Osec<t<60sec) of the process the aluminium film 

is deposited onto the pyrex glass substrate. In the simulation an 

instantaneous change of the emission coefficient of the surface has 

been assumed at the beginning of this stage, from 0.28 for pyrex 

gl~ss to 0.19 for aluminium coated pyrex glass. 

Two effects are observed in the simulation, see figure 3.8,' : i) Both 

the temperature of the aluminium coated substrate surface and of the 

substrate holder increase and ii) The difference between the tempera

ture of the substrate surface and of the substrate holder becomes 

smaller with respect to the end of the first stage. The amount of heat 

of radiation and heat of condensation supplied to the surface during 
-2 

aluminium evaporation 1s too small (0.05 W cm ) to be able to result 

in a measurable increase of the surface temperature (0.5 °C) of the 

aluminium film. Therefore the observed temperature rise of both the 

surface and the holder is completely caused by the lower emission 

coefficient of the aluminium coated pyrex glass substrate. This leads 

to a smaller heat flow from the substrate holder to the substrate 

surface. Therefore the temperature difference between holder and the 
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Figure 3. 8. The surfaae temperature T of the aluminiwn film and ss 
of the silicon film on a 2 mm thiak pyrex glass substrate 

and the temperature of the substrate holder T
8
h, bath as 

a funation of the depaaition time for various depaaition 

rates, as found by simulation. 

substrate surface becomes smaller and the temperature of the substrate 

holder becomes somewhat higher. 

In the third stage (t>60sec) the silicon film is deposited. The 

surface temperature as a function of the time is determined by the 

magnitude of ~in' which strongly depends on the deposition rate vd, 

cernpare figure 3.6, and by the emission coefficient ESi of the 

silicon film. 

At high deposition rates (>18 ~m min- 1) ~. is larger than the power 
~n 

lost by radiation from the silicon su.rface, ~rad Si. Under these 

conditions a net heat flow goes from the surface of the growing film 

to the substrate helder, resulting in a surface temperature Tss which 

becomes higher than the substrate holder temperature Tsh' 

At a deposition rate of 30 ~m min-I Tss and Tsh stabilize more or less 
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0~ 

after 20 minutes process time at 599 °e and 594 °e respectively, both 
0 • -1 

with a temperature increase of less than 0.1 e m~n 
At a deposition rate of about 18 ~m min-I a situation occurs in which 

~in becomes equal to ~rad Si' In this casenonet heat flow goes from 

the surface to the substrate holder. Tss and Tsh become equal. 

If the deposition rate is further decreased ~in becomes smaller than 

~rad Si' This results in a net heat flow from the substrate holder to 

the growing surface: Tss stays smaller than Tsh' 

At very low deposition rates (<3 ~m min- 1), a situation can occur in 

which the net heat flow becomes even larger than in the first stage, 

because of the higher emissie~ coefficient of the silicon layer. In 

this case the surface temperature Tss of the growing silicon layer 

and of the holder Tsh even decrease as a function of the time. 

According to these simulation experiments, after 30 minutes process 

time the surface temperature T has become nearly constant, 545 °e at 
. . . -P a depos~t~on rate of 3 ~m m~n . 

The surface temperature as a function of the time, as found by simula-

tion, is represented for a nun thick stainless steel and a I .mm thick 

single crystalline silicon substrate in figure 3.9 and 3.10 respec

tively, for various deposition rates. 
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Figur>e 3. 9. 

The sur>face temperature T of the 
ss 

aluminium and of the silicon fibn 

as a function of the time for a 

1 mm thick stainless steel sub

strate for> var>ious deposition 

r>ates, as found by simulation. 
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Figure 3.11. The surface temperature 'I'ss of the a~uminiwn and of the 

si~iaon fi~m as a funotion of the time fora 2 mm thick 

pyrex g~ass substrate, a 1 mm thick stain~ess stee~ 

substrate and a 1 mm thick sing~e crystaUine si~icon 

substrate, as determined by simu~ation for a deposition 
. -1 

rate of 35 \.1171 rm.n 

In figure 3.11 a comparison is given of the surface temperature as 

function of the time, as found by simulation, at a deposition rate of 
-I 

35 ~m min for a 2 mm thick pyrex glass substrate, a I mm thick 

stainless steel substrate and a I mm thick single crystalline silicon 

substrate. In this case the supplied electrical power ~el has been 

chosen such that the initial substrate temperatures are the same. 

In the case of pyrex glass the initia! temperature rise during silicon 

deposition is much larger than in the case of stainless steel and 

single crystalline silicon. This is because pyrex glass is a bad 

therroal conductor whereas stainless steel and single crystalline 

silicon are a moderate and a good thermal conductor respectively. 

The most important results of the thermal analysis, obtained by means 

of the RC-network model, can be summarized as follows: 

I. The radiation of the crucible ~rad cru forms the largest contri~ 

bution in the heat supplied to the silicon surface for deposition 

rates < 35 ~m min-I whereas at higher deposition rates the heat of 

condensation gives the largest contribution. 

2. The surface temperature of the silicon layer as a function of the 

time is characterized by a relatively strong, increase (20 °C at 40 

~m min- 1) during the first 12 seconds of the silicon deposition 

process, in the case of a 2 mm thick pyrex glass substrate. In the 

case of stainless steel and of single crystalline silicon sub-
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3. 

strates (both l mrn thick), the surface temperature is a much more 

gradual function of the time. 

Even high deposition (40 
-! 

increase of at rat es ~m min ) the the 

surface temperature 1S restricted to 50 oe during the whole process 

in spite of the high souree temperature of the souree (1990 °e at 

40 ~m min-
1
). This is due to the low effective emission coefficient 

of the crucible at these rates (0.12) and due to the large amount 

of heat which is lost by the growing silicon surface and via the 

surface of the substrate holder by radiation. 

4. Only in the case of pyrex glass substrates a significant difference 

in the temperature of the growing silicon surface and of the sub

strate holder can occur, but less than IS 0 e at 40 ~m min-I In the 

case of stainless steel and single crystalline silicon substrates, 

this difference is less than 2 °e. 

Though the temperature rise during growth is relatively small, small 

changes in the actual surface temperature of the growing silicon film 

have a great influence on the processes of nucleation and growth 

because of the large activatien energies which are involved in these 

processes,as we will see in chapter 4. 

3.5. Appendix 

The material constants at 550 °e of the substrates, of the aluminium 

film and of the silicon film, used for the RC-model, are given in 

table 3.2. The material constants of copper are also given in this 

table because the substrate holder mainly consists of copper. For the 

polycrystalline silicon film the same material constants have been 

taken as for single crystalline silicon. The temperature equalization 

coefficient a is calculated from the thermal conductivity À and the 

specific heat per unit of volume e* by 

a 
À 
C* 

The ether properties of silicon that are used,are 

Melting point 

Heat of condensation 

TM =1412 °e 

~Hcond = 10.6xJ03 J g-1 

SG 

(3.27) 



Table 3.2. The material oonstants at 550 °C, used for the RC-model. 

Pyrex Stain- Single Al Poly 
glass less cryst. cryst. 

steel Si Si 

Density 
p(g cm- 3

) 2.23a 8.0b 2.33d 2.7b 2.33 

Specific heat 
per unit of 3.3a 4.0c 2. I c I. 9c 2. I volume C* 
(J cm- 3K- 1 ) 

Thermal 
J.Sxi0- 2a 2.1xl0-lc 4.2xl0-lc 2.3b -I 

conductivity 4.2xl0 
À(W cm- 1K- 1 ) 

Temperature 
equalization 
coefficient 
a (cm2 s- 1 ) 

0.47xl0 -2 5. 2x I 0 -2 

a: Verwey 

b: Kohlrausch (1968) 

c: Touloukian (1972) 

d: Runyan (1975) 

Heat of solidification M 

2.0xl0 

sol 
Specific heat in the vapour phase Cpl 

Specific heat in the solid phase Cp2 

The properties of the substrate holder are 

The tot al heat capacity 

The total effective radiating area 

The effective emission coefficient 

The area of the substrate 

The thermal heat conductance of 
the mounting strip 

-I 
1.2 2.0xl0 

-I 

J.8x103 
J 

-I 
g 

0.74 J 
-1 -] 

g K 

0.90 J 
-1 -1 

g K 

70 J K-1 

42 2 
cm 

0.44 

8.7 2 cm 

0.014 W K- 1 

Besides this the following constants are used: 

T 300 K 
0 

Cu 

8.9b 

4.0c 

3.9c 

0.97 
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CHAPTER 4 

NUCLEATION AND GROWTH 

4.1. Introduetion 

This chapter deals with the nucleation and growth of silicon layers 

deposited by electron beam evaporation onto aluminium coated sub

strates. Stainless steel, pyrex glass and single crystalline silicon 

are used as substrate materials. 

The nucleation is studied, using the scanning electron microscope, in 

two ways: by examinatien of an etched fractured edge of the silicon 

layer and by examinatien of the etched bottem side of the layer after 

removal of the substrate. By examinatien of an etched fractured edge 

information is also obtained on the structure of the layer. 

The preparatien of the samples for the scanning electron microscope 

and the results of the examinatien are described in sectien 4.2. It 

will be shown that the layers have a colurnnar structure. Each of the 

columns is composed of a number of fibrils. The nucleus of a fibril 

is formed on the aluminium film. 

Sectien 4.3 describes the growth of the silicon layer. The influence 

of the deposition parameters on the diamter of the columns and of the 

fibrilsis described in sectien 4.3.1. The results of the investiga

tion of the structure of the silicon layer by X-ray diffraction are 

preseneed in sectien 4.3.2. 

Sectien 4.3.3 deals with the influence of droplet formation of the 

aluminium film on the structure of the layer. 

The irregularities which arise during growth are described in sectien 

4.3.4 whereas the nature of the vertical boundaries is discussed in 

sectien 4.3.5. 

An attempt is made to describe the nucleation on the aluminium film 

in sectien 4.4. This description has a speculative character because 

very little is known in lirerature on the nucleation of silicon under 

the rather unusual conditions applied here: an aluminium coated sub-
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strate with a rather low temperature (550 °e) and a high deposition 

rate (3-50 ~m min- 1). 

In section 4.5 the colurnnar structure of our layers is discussed in 

relation to lirerature on colurnnar structures. According to lirerature 

a limited surface diffusion coefficient on the growing surface seems 

to be a requirement for the formation of colurnnar structures. 

Same remarks have to be made on the different substrates used during 

the course of the investigations. 

At first the deposition of silicon layers onto aluminium coated 

stainless steel substrates was studied. In this stage of the research 

the influence of the initial substrate temperature and of the depo

sition rateon the diameterofthe columns has been studied. The use 

of stainless steel as substrate material has been stopped because 

of the enormous mechanical stress in the silicon layer due to the 

large diEferenee in the thermal expansion coefficient of the two 

materials. 

Later on aluminium coated pyrex glass substrates were used because 

these substrates have a thermal expansion coefficient very close to 

that of silicon. The pyrex glass substrates can easily be removed 

from the silicon layer without disturbing the aluminium film too 

much. Therefore these substrates have mainly been used for the study 

of the nucleation. In the case of stainless steel the aluminium film 

disappears during remaval of the substrate whereas a single crystal

line silicon substrate cannot be removed in a simple way. 

The silicon layers grown on aluminium coated pyrex glass substrates 

have also been used for the investigation of the electrical proper

ties of these layers. 

Because high temperature annealing (1250 °e) seems to be necessary 

in order to obtain good electrical properties and since pyrex glass 

substrates can only be used up to 750 °e because of softening, alu

minium coated single crystalline silicon substrates have been used 

as a first step towards the application of sintered silicon sub-

strates. 

In th~ next sections this sequence of the substrates will be followed 

as much as possible. 
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4.2. Examination of the nuclei and of the structure of the silicon 

layer by SEM 

4.2.1. Sample preparation 

A fractured edge is obtained by breaking the substrate with the 

silicon layer on it. This method is -applied for silicon layers on 

pyrex glass and on single crystalline silicon substrates because 

these substrates can be breken easily. 

In order to reveal the position of the aluminium film the fractured 

edge is etched for to I hour in a KOH solution at 50 °e. The struc

ture of the layer is revealed by etching the fractured edge in the 

Sirtl etch for 2 to 2000 sec, depending on the degree of intergrowth 

in the layer. The Sirtl etch is a salution consisting of I part of 

a "standard" solution and I part of an HF (40%) solution. The stan

dard solution is obtained by dissolving 50 grams of ero3 powder in 

100 ml H2o. 

For the separation of a 1000 ~m thick stainless steel substrate from 

a 50 ~m thick silicon layer, a special etch technique has been de

veloped. In this technique the stainless steel substrate is removed 

by etching in aqua regia (I part HN0 3 (65%) and 3 parts HeL (40%)), 

diluted with water. The temperature of the etch bath and the amount 

of water added have been chosen such that regular etching is obtained 

without pitting. 

A solution of I part HN0 3 (65%), 3 parts HeL (40%) and I part H2o has 

been used at 50 °e. With this solution an etch rate of 300 ~m hr-l is 

obtained. After having removed 90% of the substrate, the etch rate is 

reduced to 50 ~m hr- 1 by lowering the temperature to 42 °e and adding 

I extra part of water to the solution. The largest pieces of silicon, 

obtained in this way, have dimensions of 4 x 5 mm2 . The small size of 

these pieces is caused by the large amount of stress in the layer due 

to the large difference in thermal expansion coefficient of stainless 
-6 -1 steel (10-15 x 10 K at 800 K, Touloukian 1972) and of silicon 

-6 -1 (4. I x 10 K at 800 K, Touloukian 1972). 

The separation of a 2000 ~m thick pyrex glass substrate from a 50 ~m 

thick silicon film is much easier. This substrate can be etched away 
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1n an HF (407.) salution in about 20 hours. Pieces of the silicon 
2 layer with an area up to 3 cm are obtained in this way. 

The aluminium film is removed by etching thè separated pieces of the 

silicon layer 1n a KOH salution at 50 °C for ! to I hour. The alu

minium rich parts of the silicon layer are removed in the Sirtl etch 

or in a salution consisring of I part HF (407.), 3 parts HN0
3 

(657.) 

and 5 parts CH
3

COOH for 10 to 60 sec. 

4.2.2. Examination of the etched fPactuPed edge of Zayers deposited 

on severaZ substrates 

The structure of the layers deposited on stainless steel, on pyrex 

glass and on single crystalline silicon, all with an aluminium inter

facial layer, has been investigated by examination of the fractured 

edge by using the scanning electron microscope, after etching of the 

edge in the Sirtl etch. A SEM micrograph of these fractured edges is 

given in figure 4.1. 

In all cases the layers are composed of columns, which extend from 

the bottorn of the layer over the whole thickness of the layer and 

end in a dome on top of the layer. The degree of intergrowth between 

the columns depends on the applied substrate. A long etch time neerled 

to reveal the structure indicates a strong intergrowth. On pyrex 

glass substrates the intergrowth of the columns is much stronger than 

in the case of stainless steel and single crystalline silicon sub

strates. 

The columns are composed of fibrils, the intergrowth between these 

fibrils depends on the applied substrate and on the deposition con

ditions. 

By chemical etching, on stainless steel the boundaries between the 

columns are attacked relatively much faster than the boundaries be

tween the fibrils, compare figure 4. la. This indicates a relatively 

strong intergrowth of the fibrils. The individual nuclei of the 

fibrils can be distinguished. 

In the layers deposited on aluminium coated pyrex glass substrates 

the difference between the boundaries between the columns and he-

tween the fibrils can hardly be detected because of the strong 
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Figure 4 .la. 

An SEM rrricrogrcrph of an etched 

fractured edge of a si~icon ~ayer 

deposited on a stainless stee~ 

substrate, initial substrate 

temperature 550 °e, deposition 

35 . -1 1 h. k rate \l771 m1.-n , &ayer t 1.-c -

ness 35 ).lm, etch time 1 min. 

Figure 4. lb. 

An SEM microgrcrph of an etched 

fractured edge of a silicon ~ayer 

deposited on a pyrex glass sub

strate, initial substrate tem

perature 555 °e, deposition rate 
-1 35 \l771 rrrin , ~ayer thickness 

45 ).lm, etch time 9 rrrin. 

Figure 4.lc. 

An SEM micrograph of an etched 

fractured edge of a si~icon ~ayer 

deposited on a sing~e crysta~~ine 

si~icon substrate, initial 

substrate temperature 550 °e, 
. -1 

deposition rate 40 \l771 m1.-n 

etch time 1 rrrin. 

intergrowth. The individual nuclei can hardly be distinguished on the 

etched fractured side of the layer after removing of the substrate 

and the aluminium film. On single crystalline silicon substrates, 

coated with an aluminium film, the intergrowth between the fibrils is 
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not strong and therefore the individual fibrils and their nuclei can 

be revealed aftera short etch time (less than I minute). On these 

silicon substrates droplet formation of the aluminium film is re

vealed by the etching process. lt appears that the nuclei of the 

fibrils only arise on the droplets. 

4.2.3. Examination of the bottorn side of the silicon film afte~ ~e

moval of the py~ex glass subst~ate 

The etch behaviour of the bottorn side of a silicon layer deposited on 

an aluminium coated pyrex glass substrate will bedescribed in detail. 

A layer on a pyrex glass substrate is considered here because in this 

case the substrate can be removed without disturbing the aluminium 

film too much, as mentioned before. 

lt seems useful to mention the conditions of deposition. The 2 mm 

thick pyrex glass substrate was coated with a 0.5 ~m thick aluminium 

film, the initial temperature of the substrate holder was 555 °C and 

the silicon deposition rate 20 ~m/min. The layer thickness was about 

45 ~m, the diameter of the columns, as observed from the top of the 

layer, 2-3 ~m and the diameter of the fibrils about 0.3 ~m. 

I. The 2 mm thick pyrex glass substrate is removed in a 407. HF solu

tion in 20 hours. lf the bottorn side of the separated polycrystal

line layer is observed by means of the scanning electron micro

scope, the aluminium film is visible. This film is coherent but 

contains a pattern of small holes, with dimensions of 0.5 to I ~m. 

Thi s film cannot be removed further in a "fresh" 407. HF solution. 

2. If the separated piece of polycrystalline silicon film with the 

aluminium film on the bottorn side is kept for I or 2 sec in the 

Sirtl etch, a pattern of lines becomes visible on the aluminium 

film, compare figure 4.2a. This is an indication that the alu

minium film might be polycrystalline, the lines being the bound

aries between the aluminium crystallites. 

3. The aluminium film contains parts which appear to be rather easily 

removable by etching in a salution of part HF (407.), 3 parts 

HN0
3 

(657.) and 5 parts CH
3

COOH (997.). The parts which are compara-
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tively difficult to remove, are located under the eentres of the 

columns. 

4. The aluminium film can be removed in a salution of I part HF (40%), 

3 parts HN0
1 

(65%) and 5 parts CH
3

COOH (99%) or ~n the Sirtl etch. 

Fig~e 4.2a. 

Bottom side of a siliaon layer 

deposited on a pyrex glass 

substrate. substrate removed, 

bottam is etahed for 2 seconds 

in the Sirtl etch. the aluminium 

film is still present. 

Figure 4.2b. 

Bottom side of a siliaon layer 

deposited on a pyrex glass 

substrate,substrate removed, 

bottam is etched for 30 seaonds 

in the Sirtl etah, the aluminium 

film has disappeared. 

Figure 4.2a. 

Bottom side of a silicon layer 

deposited on a pyrex glass 

substrate, substrate removed, 

bottam is etahed for 180 seaonds 

in the Sirtl etch. the individual 

nuclei of the fibrils have beaome 

visible. 
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A pattern of mountains and valleys becomes visible, campare figure 

4.2b. The top of the mountains contains much aluminium as can be 

seen from the high emission of secondary electrans from these 

regions in the scanning electron microscope. 

5. The valleys become deeper after etching ~n the salution containing 

I part HF (40%), 3 parts HN0
3 

(65%) and 5 parts CH
3

COOH (99%) or 

in the Sirtl etch, without affecting the mountains much. 

6. If the process of erehing is continued the individual nuclei of 

the fibrils become visible, campare figure 4.2c. At this stage the 

pattern of mountains and valleys becomes less pronounced. 

Characteristic for the silicon layers deposited on pyrex glass sub

strates is the strong intergrowth of the nuclei already after less 

than I 1Jm of growth in the direction normal to the substrate. 

From the etch behaviour of the bottorn of the layer as described under 

I) to 6) an attempt has been made to draw a sketch of the region near 

the bottorn of the layer. This sketch is represented in figura 4.3. 

COLU>!M I 
BOUHDiRY BETWEEN TWO ?1 BH. I L$ 

lrlUMDARY BETWEEN TWO COWMNS 

ILFIBRIL 
SILICOW 1iiitM 
~y!-. 

. NUCLetJS C'F A FIBRIL 

~:IUM -c- -"J 
PYIU:X D GLASS 
SUBSTR.ATE -
!000 )JIII 

Figure 4. 3. Sketch of a silicon layer deposited onto an aluminium 

coated pyrex glass substrate. 

+ ++ : mixture of amorphous aluminium and silicon 

The following remarks on the etch behaviour can be made: 

ad I. The holes in the aluminium film after remaval of the pyrex 

glass substrate are probably formed because: 
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L. Aluminium initially present at these places is amorphous or 

does nat contain much silicon, in bath cases the aluminium 

can be removed by HF. 

ii. Aluminium i~itially present at these places is dissolved 

in the regions between the nuclei of the fibrils, containing 

amorphous silicon. 

ad 3. The parts which are more difficult to etch away might contain 

much silicon. This is probably because at these oart~ A ~trnnP 

intergrowth between the nuclei and the aluminium film occurs, 

this can be observed by the scanning electron microscope. 

ad 4. The regions between the nuclei of the fibrils contain a mixture 

of amorphous silicon and aluminium. This mixture can therefore 

be removed easily by etching. 

ad 5. The pattern of mountains and valleys may be ascribed to local 

differences Ln the amount of aluminium. 

ad 6. As the etch process progresses the differences in the local 

amount of aluminium decreases which reduces the surface rough-

ness. 

4.3. The growth of the silicon layer 

4.3.1. Influence of the deposition parameters 

The influence of the deposition rate and of the substrate temperature 

on the structure has been investigated for stainless steel substrates. 

The average diameter of the columns, as determined from the dornes on 

top of the layer, has been plotted versus the deposition rate and 

versus the initial substrate temperature in figure 4.4 and 4.5 res

pectively. The diameter increases with deposition rate and increases 

with the initial substrate temperature until this temperature reaches 

a value of 15 °e below the eutectic temperature of Al and Si (577 °e). 
At an initial substrate temperature above 560 °e the diameter of the 

columns decreases with increasing substrate temperature. 

From observations of bath the etched fractured edge and of the bottorn 

side of layers deposited on stainless steel substrates and on pyrex 

glass substrates, it is observed that as the diameter of the columns 

increases the number of fibrils which farm a column remains roughly 
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Figure 4. 4. 

The average diameter d of the 

coZumns as a function of the 

deposition rate vd for siZiaon 

Zayers deposited on aZuminium 

coated stainZess steeZ sub

strates at an initiaZ substrate 
0 temperature of 550 C. 
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Figure 4.5. 

The average ~ameter d of the 

aoZumns as a funation of the 

initiaZ substrate temperature 

T for siZicon Zayers deposited s 
on aZuminium aoated stainZess 

steeZ substrates at a ·deposition 
. -1 

rate of 50 wn nn..n 

2 the same. This means that the number per cm of fertile nuclei of the 

fibrils decreases with increasing deposition rate. This is a very 

striking phenomena because generally it is observed in the nucleation 

of thin films that the number of nuclei increases with deposition 

rate, campare sectien 4.4.1. This effect will be discussed in sectien 

4.5. The influence of the substrate temperature on the structure and 

on the intergrowth of a silicon layer deposited on aluminium coated 

substrates at 520 °e and at 550 °e respectively, hasbeen investigated 

in detail. These two layers were bath deposited at a deposition rate 
-I 

of 35 ~m min . The average diameter of the columns in the first case 

is about ~m, whereas in the second case about 3 ~m. 

Only 5 sec etch time were needed to reveal bath the boundaries be

tween the columns and between the fibrils in the case of the layer 

deposited at 520 °e, whereas at least 30 sec were needed for the 

layer deposited at 550 °e. In the last case the boundaries between 

the fibrils are hardly attacked after 30 sec, the etch rate at the 

boundaries between the columns is relatively much higher than at the 

boundaries between the fibrils. From these experiments it can be 

concluded that the relatively small increase of 30 °e of the initial 
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substrate temperature has a drastic effect on the interfaces between 

the columns and between the fibrils. 

On pyrex glass substrates, it is also observed that the diameter of 

the columns increases with both the deposition rate and the initial 

substrate temperature, for temperatures below 570 °e. 
On pyrex glass substrates the maximum average diameter of the 

columns is about 3 ~m. This diameter does not rapidly decrease with 

increasing initial substrate temperature in the range from 570 °e 
until 620 °e. 

On single crystalline silicon substrates, the average diameter of the 

columns is 3 ~m at an .initia! substrate temperature of 550 °e and a 

deposition rate of 30 ~m/min. 

4.3.2. The structure of the ~ayers. 

The structure of our layers has been investigated by X-ray diffrac

tion measurements and by observih~ the etch behaviour of the layers. 

Three types of X-ray diffraction techniques have been applied: 

i) the Bragg reflection technique, ii) the Laue transmission tech

nique and iii) a zero angle Weisenberg technique in which the 

crystal is rotated about an axis parallel to the direction of the 

growth. 

The recorded Bragg reflection patterns for silicon layers deposited 

on aluminium coated stainless steel, pyrex and single crystalline 

silicon substrates are more or less the same and do not depend very 
. -1 

much on the deposition rate between 15 and 50 ~m m1n A typical 

Bragg reflection pattern is presented in figure 4.6. In all these 

cases a broad peak is observed at 26 is about 30°, which corresponds 

to the lil orientation and a very broad "peak" extending from 2 6 = 37° 

to 2 e = 60°. 

A Bragg reflection pattern of a silicon layer deposited at a rate of 

3 ~m min-I onto an aluminium coated pyrex glass substrate, is repre

senred in figure 4.7. In this pattern peaks corresponding to the 11 I, 

220, 31 I and 400 orientation can be seen. The distribution of the 1n

tensities of these Bragg reflection peaks corresponds to a random 

orientation of the crystallites in the measuring area (5 x 5 mm
2
). 
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5 °e de . . 3 . -l strate temperature 5 5 • pos~t~on rate ~ m~n . 

Laue transmission and reflection photographs have been made of sili

con layers deposited on aluminium coated stainless steel, pyrex glass 

and single crystalline silicon substrates, at a deposition rate be-
-l 

tween IS and 50 ~m min . All these photographs contain two broadened 

rings. In fact, the same information is obtained as from the Bragg 

reflection patterns. 

Because both the Bragg reflection technique and the Laue transmission 

technique are very sensitive to stacking faults, which lead to 

broadening of the peaks or the rings, the zero angle Weisenberg tech

nique has also been used to investigate the structure of the layers 

as grown. In this technique a small piece (500 x 500 ~m2 , 40 ~m 
thick) of our silicon layer is rotated about an axis parallel 
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to the direction of growth. This technique has been applied on two 

of our layers, both deposited onto an aluminium coated pyrex glass 

substrate, at a deposition rate of 15 ~m min-I and 3 ~m min-I re

spectively. The zero angle Weisenberg photograph corresponding to 

the deposition rate of 15 ~m min-I is represented in figure 4.8. 

Figure 4.8. Zero angle Weisenberg pioture of a silioon layer separa

ted from a pyrex glass substrate, the aluminium film has 

been removed ohemioally, initial substrate temperature 
0 d . . 15 . - 1 555 C, epos~t~on rate ~ ~n . 

In both cases full "circles" corresponding to the I 11, 220 and the 

31 I orientation can be observed. This points to a random oriented 

polycrystalline sample: single crystalline material would have given 

rise to a regular pattern of spots. Examination of the etched fibrils 

(diameter 0 . 1-0.3 ~m) by the SEM shows that there are no grain bound

aries perpendicular to the direction of growth. Moreover, it is ob

served that the etch rate on these fibrils is remarkably low. Because 

besides this the Weisenberg photographs show very sharp rings we 

conclude that the fibrils are more or less single crystalline. How

ever, because of the strong broadening of the peaks in the Bragg 

reflection patterns, these fibrils must contain a great number of 

stacking faults. 
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Table 4. 1. The influence ofdrop letformation on t he structure of the silicon l ayer. The interdependence 

of var ious parameters is represented by paralle l arrows. Arrows pointing in the same direction 

like T t: D t means t hat a rise in temperature causes an increase in column diameter D . 
s c c 
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We can make an estimate of the average distance between the 

stacking faults from the broadening of the Brégg reflection peaks. 

Using 

D cos 6 

where broadening of the Bragg reflecti·m peak 

D average distance between two stacking faults 

À wavelength of the X-ray beam 

we find with ~6 = 4° = 0.07 rad, 6 = 14° and À 1.5 A: D 22 J\. 

4.3.3. Droplet formation in the aluminium film 

The nature of the vertical boundaries in the silicon layers is 

strongly influenced by the state of the alumini1m film 

By inspeetion three states of the aluminium filn can roughly be dis

tinguished: 

~. A flat film. 

ii. A film with inhomogeneous thickness due to the onset of droplet 

formation. 

iii. A "film" which is broken up into droplets. 

The actual state of the aluminium film is determined by: 

a. The adhesion between the aluminium film and the substrate. 

b. The surface tension of the aluminium film, which depends on the 

temperature of the film, the amount of silicon in the film and the 

degree of oxidation of the aluminium film. 

The state of the aluminium film, the dependenee of the diameter of 

the columns on the initia! surface temperature and on the deposition 

rate, and the etch behaviour of the vertical boundaries, is surnma

rized in table 4. I for the various substrates in the investigated 

temperature regions. From this table it can be seen that droplet 

formation in the aluminium film has a negative influence on the de

gree of intergrowth between the columns and between the fibrils. 

On stainless steel only 0.3 ~m thick evaporated aluminium films have 

been used. On pyrex glass in the case of a thin (0.3 ~m) as well as of 

a thick (2 ~m) aluminium film no droplet formation is observed. This 

is probably because of the strong adhesion between the aluminium film 

and the substrate, which might be intensified by the formation of an 

aluminium oxide layer at the aluminium pyrex glass interface. At tem-
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peratures above 560 °e the thick (2 wm) aluminium film shows some 

roughness due to an onset of droplet formation. 

On single crystalline substrates the state of the aluminium film de

pends un the fact whether the substrate is polished or etched. On 

polished surfaces droplet formation occurs. An etched surface is ob

tained by removing IS wm of the single crystalline silicon wafer in 

a solution containing 2 parts HF (50%), 7 parts HN0 3 (65%) and 2 

parts eH
3

eoOH (99%) at 0 °e. On such a surface both a thin and a 

thick aluminium film do not show an onset to droplet formation up to 

560 °C. At higher temperatures some surface roughness on the thick 

aluminium film is observed. 

Another interfering effect is observed in the layers deposited on 

aluminium coated single crystalline silicon substrates. A region just 

above the aluminium film is observed by SEM in which the colurnnar 

structure has been vanished completely directly after growth. This 

region is probably formed by intermixing of the aluminium film and 

a part of the polycrystalline silicon layer. The width of this region 

is roughly proportional to the thickness of the aluminium film. The 

nature of this region is described in sectien 6.2 in more detail. 

1.3.4. IPregularities 

4.3.4.1. Striations 

Striations are bright and dark lines or strings, which can be seen on 

the scanning electron microscope photographs of an etched fractured 

edge of the silicon layers. The distance between these striations is 

between 0.2 and 2 wm. They are always perpendicular to the direction 

of growth and can be observed especially clearly in the case of layers 

deposited on pyrex glass substrates, cernpare figure 4. lb. In the 

bright regions there is hardly a change of the surface morphology 

with respect to the "normal regions", so that the emission coeffi

cient for secondary electrans is high in the bright regions. In the 

dark regions, however, a relatively small (a few per cent) constric

tion of the fibrils is observed, which causes a change of the surface 

morphology. 

We think that these striations are caused by fluctuations in the de

position ra te caused by wagging of the electron beam over the surface 
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of · rhe crucible. Fluctuations in the deposition rate give rise to 

fluctuations in the surface temperature, which lead to a local con

striction of the fibrils as will be discussed later on. 

Because of the relatively high beam power (I kwatt), the rather small 

diameter of the elctron beam (4 mm) with respect to the diameter of 

the crucible (20 mm) and the high silicon vapour pressure just above 

the surface of the crucible (I torr at 1927 °C), ionization of the 

vapour above the crucible can easily occur. The resulting space 

charge causes a repulsion of the electron beam. The wagging of the 

beam which results from this effect causes fluctuations in the sur-

face temperature of the crucible averaged over the area of the cru

cible, which leads to fluctuations in the evaporation rate and there

fore also in the deposition rate. 

A direct indication for the fluctuations in the temperature of the 

crucible is the occurrence of fluctuations in the amount of light 

radiated by the silicon souree as is observed by direct visual in

spection of the surface of the crucible during growth. The time 

intervals between the minima in the light intensity correspond to 

the disrance of the dark striations at a given deposition rate. 

In some cases the beam power increases spontaneously. This is cor

rected manually. 

Regions grown at the moment of a higher beam power show a relatively 

(very) high secondary emission coefficient. This is probably caused 

by the higher amount of dopant (baron from the crucible) which is 

evaporated at these moments. The average baron concentration in the 

layer is I ± 0.5 x 10 20 cm- 3 if I wt i. baron is added to the crucible. 

As the beam power increases the local amount of boron may become 

larger. The effect that an increased amount of dopant leads to a 

higher secondary emission coefficient is also observed in the alu

minium rich parts (bottom side) of the silicon layer. 

4.3.4.2. Constriction of fibrils 

A constriction of all the fibrils during growth in a plane of the 

layer perpendicular to the direction of growth is sometimes ob

served after etching of a fractured edge of a silicon layer. These 

constrictions are especially strong in the case of pyrex glass sub

states. These constrictions always correspond toa moment of elec-

75 



trical break down 1n the high voltage part of the eiectron gun. 

~efore etching of the fractured edge no structure can be observed. 

In the beginning of the etch process the etch rate is relatively 

high in the region of the constrictions, indicating that more or less 

amorphous material is etched away. Later on the etch rate becomes 

very low in these regions and equal to the etch rate at the other 

points of the fibrils, indicating that a more crystalline region of 

the fibril is reached. The photograph of the striation represented in 

figure 4.9 is taken at this later stage. 

Figure 1. 9. Constriction of a fibri Z caused by an e leetrical break 

down during evaporation, as revealed by ahemicaZ etahing. 

Break down time 3 seaonds, 2 mm thick pyrex glass sub

strate, initial substrate temperature 545 °C and average 

deposition rate 20 um min-1. 

At o moment of electrical break down the effective power of the elec

tron hcom becomes almost zero, during about 3 sec . 

A reduction of the beam power to zero watts during 3 sec at an initial 
. . . -1 . 

depos1t1on rate of 20 wm mtn results tn a decrease of the tempera-

ture of the silicon souree from 1910 °e to 1&10 6e as is calculated 

from the heat loss of the source. The latter temperature corresponds 

to <1 deposition rote of about 0.5 }Jm min- 1
• The resulting drop in the 

surface tcmperature and by the resulting decrease of the deposition 

rate l1as been determined by means of simulation experiments, carried 

out on the Re-network model. In the case of pyrex glass substrates 

tlll' surfoce temperature of the growing silicon film decreases about 
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t!sl 
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Figure 4.10. The surface temperature T
8

s versus the process timet, 

as simu"lated for an e"leotrica"l break down of J seoonds 

induoed at t = 120 seoonds, for an 2 mm thiok pyrex 

g"lass, an 1 mm thick stain"less steel, and an 1 mm thick 

sing"le orysta"l"line si"licon substrate respective"ly; 

initia"l substrate temperature 545 °c and deposition 
. -1 rate 20 lJ77l nn.n 

14 °C within 3 sec, compare figure 4. !Oa. The comparable surface 

temperatures as a function of the time of the silicon layers on 

stainless steel and on single crystalline silicon are given in figure 

4.10b and 4. !Oe for comparison. 

From the appearence of the conspicuous constrictions in the layers 

deposited on pyrex glass substrates, it can be concluded that astrong 

change in the deposition rate has an unexpectedly strong influence on 

the lateral extension of the fibrils, though the change in surface 

temperature (14K) is relatively small with respect to the absolute 

temperature (800 K). 

4.3.4.3. Campression cracks 

It is observed that compression cracks are always present in the 
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layers deposited on stainless steel, by inspeetion with the SEM or by 

an optical microscope . After remaval of the stainless steel sub-
2 

strate, only small pieces of poly crys talline silicon (4 x 5 mm or 

less) are obtained. The occurrence of these cracks shows that a 

considerable amount of stress is present in these layers. This stress 

is caused by the large difference between the thermal expansion co

efficient of the stainless steel substrate and of the silicon film. 

In the silicon layers deposited on pyrex glass substrates in some 

cases less or no compression cracks are observed whereas in other 

cases a great number of these cracks are present. The appearence of 

these cracks strongly depends on the pyrex plate from which the sub-

strates were cut. 
2 Pieces of silicon film with an area up to 3 cm have been separated 

in thE case that nearly no compression cracks are observed. 

Silicon layers deposited on single crystalline silicon substrates do 

not show cornpression cracks. 

4.3.4 . 4. Separated columns 

In the case of pyrex glass and of stainless steel substrates, both 

aluminium coated, columns are observed with a diameter of 5 to 6 ~m, 

which is much larger than the average diameter of the columns. These 

columns with the larger diameter occur sparsely and are very weakly 

bound to the rest of the polycrystal. These columns are separated 

from the other columns by regions with a very high degree of dis

order. The width of these regionsis between 0.1 and 0.5 ~rn. 

Because these columns are not strongly bound to the rest of the poly

crystal we call ttlem "separated" columns. 

It is not clear which mechanism is responsible for the appearance of 

columns of this type. Because the columns are· forrned on the aluminium 

film, the origin of the growth of the separated columns is probably 

related to a disturbance in the process of nucleation. Because they 

do not appear on aluminium coated single crystalline silicon sub

strates, we think that their appearance is also related to the pres

enee of stress in the layers, due to differences in the thermal ex

pansion coefficients of the silicon layer and of the substrate. 
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4.J.5. The nature of the vertica~ boundaries 

The nature of the vertical boundaries between the columns and between 

the fibrils, depends on the nature of the substrate (section 4.2.2) 

and on the degree of droplet formation in the aluminium film (section 

4.3.3). The nature of these boundaries is investigated by studying 

the chemica! etch behaviour. Two types of boundaries can roughly be 

distinguished: boundaries which are characterized by a high etch 

rate and by a low etch rate respectively. 

Grainboundaries, which are heavily attacked by the Sirtl etch, are: 

I. The boundaries between the columns in silicon layers, located on 

positions above the grainboundaries in the stainless steel sub

strate. 

2. The boundaries between the columns of the silicon layers de

posited on pyrex glass substrates but only in those cases that 

an onset of droplet formation in the aluminium film is observed. 

3. Both the boundaries between the columns and between the fibrils 

in the case of single crystalline silicon substrates. 

Because of the high etch rate we think that in these cases a thin 

strongly disordered layer exists between the columns and fibrils. 

Boundaries, which are hardly attacked by the Sirtl etch, are: 

I. The boundaries between the fibrilsof the columns of the layers 

deposited on stainless steel and the boundaries between the 

columns above one single crystallite of the stainless steel sub

strate. 

2. The boundaries both between the fibrils and between the columns 

in silicon layers deposited on pyrex glass substrates, in those 

cases that no droplet formation occurs in the aluminium film. 

We think that in these cases the boundaries can be considered as 

small regions 1n which a certain amount of disorder is present. It 

is very hard to make an estimate of the width of such a region, 

but it is certainly smaller than the lateral resolution of the SEM, 

being about 500 A. The actual width can be much smaller because an 

etch technique is used to intensify the visibility of these regions. 

Under ideal conditions (a constant deposition rate and a flat alu

minium film) these boundaries would behave chemically more or less 
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like twin planes. Because in our case there are fluctuations in the 

deposition rate, which lead to striations (see section 4.3.4.1) and 

in more serious cases to constrictions (see section 4.3.4.2) small 

disordered regions arise instead of twin like planes. 

4.4. A description of the nuoleation on the aluminium film 

4.4.1. Introduetion 

Only on substrates which are coated with an aluminium film silicon 

layers are obtained with a colurnnar structure. The columns have an 

average diameter between and 4 ~m. They are composed of fibrils with 

a diameter between 0. I and 0.3 ~m. 

Silicon layers deposited onto uncoated substrates do not show a 

colurnnar structure and are more or less amorphous. Insome cases e.g. 

on Si02-coated single crystalline silicon substrates, a very fine 

fibrous structure is observed as the layer becomes thicker (compare 

section 6.2). The diameter of the fibrils, however, is less than 0.1 

~m, whereas the intergrowth between the fibrils is very weak. 

From these observations it can he concluded that the alumini~~ film 

is indispensable for the formation of sufficiently large nuclei for 

the fibrils. 

Before giving a description of the nucleation on our aluminium film, 

the stages in the process of nucleation of thin films on a bare sub

strate will be summarized shortly. 

According to Venables (1973) the process of nucleation of thin films 

from the vapour phase can bedescribed as follows: 

Atoms arrive from the vapour, they can he adsorbed to the surface or 

they can re-evaporate. The adsorbed atoms (ad-atoms) can diffuse over 

the substrate with temperature T and can form small clusters. These 

clusters can decay or form larger clusters. Above a certain "critica!" 

size growth becomes more important than decay, all larger clusters may 

considered to be "stable". The number of clusters (or nuclei) 

saturates. 

Venables has derived expressions for the saturation density n
5 

of 

clusters. These expressions are for complete condensation ( no re-
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evaporation of ad-atoms) in the case that all clusters are mobile, 

that only small clusters are mobile and that only ad-atoms are mobile 

respectively: 

all clusters mobile 

only small clusters. mobile 

n 
s 

only ad-atoms mobile 

where 

n s 

n s 
nl 
i 

number 

number 

number 

of 

of 

of 

2(iE0 +Ei) 

exp (2i+S)kT 

clusters (or 

ad-atoms per 

atoms in the 

(4. I) 

(4.2) 

(4. 3) 

nuclei) 2 per cm 
2 cm 

critical cluster 

E. formation energy of the critica! cluster 
l. 

E activatien energy for diffusion of the cluster x 
E activatien energy for diffusion of the small clusters m 
ED activatien energy for diffusion of ad-atoms 

and where c
3

, c 4 and c
6 

are constants. 

All the exponentsin the expressions (4.1) to (4.3) are positive. This 
2 

means that the number of nuclei per cm decreases with increasing 

substrate temperature. 
2 The number of ad-atoms per cm , n 1, is in the case of complete 

condensation proportional to the incoming flux J: 

J.t (4.4) 

in which t is a characteristic time, probably the time until 

nucleation. From the expressions (4. I) to (4.4) it can be concluded 

that the number of clusters (or nuclei) increases with increasing 

deposition rate . 
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4.4.2. Nucleation on the aluminium film 

For the study of the nucleation in our case one should know the nature 

of the aluminium film and especially whether the aluminium film 

becomes liquid ar nat. If the initial temperature of the substrate 

surface is 560 °e ar less, na experimental evidence has been found, 

from scanning electron microscope observations, that a liquid phase 

arises in the case of stainless steel or pyrex glass substrates. 

In order to farm a liquid phase, a temperature of at least 577 °e has 

to be reached and at that temperature the composition of silicon and 

aluminium has to be the eutectic one, see the phase diagram of Al and 

Si represented in figure 4.11. As can be concluded from simulation 

·~f 14\2 
Figure 4.11. 

The pbase diagram of aluminium 

and silicon. 
4: \000 

600 577 
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'? 
0 20 t.O 60 80 \00 

at 'J, Si 

experiments, carried out with the Re-network model for pyrex glass, 

stainless steel and single crystalline silicon substrates, and an 

initial surface temperature of about 550 °e, the eutectic temperature 

can only be reached at sufficiently high deposition rates (compare 

figure 3.8 and 3.9). However, at the time that this temperature is 

reached, the amount of silicon supplied to the surface is many times 

the eutectic amount (11.3 at% Si) so that the appearence of a liquid 

phase, even on micro scale, is very unlikely. 

The nature of the aluminium film on pyrex glass substrates at high 

substrate temperatures (620 °e) and on single crystalline silicon 

substrates is discussed in sectien 4.3.3. 

The bottorn side of the aluminium film after remaval of the (pyrex 

glass) substrate has been investigated in detail using the scanning 

electron microscope (see sectien 4.2). Etching of the film for 
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several seconds in the Sirtl etch shows a pattern of lines which 

probably are the boundaries between the aluminium crystallites. This 

is an indication that the aluminium film is polycrystalline. This 

idea is supported by Bragg reflection measurements: Bragg reflection 

occurs at angles which are typical for (poly)crystalline aluminium. 

Because the temperature of the aluminium film ( 550 °e = 823 K) is 

close to the melting point of aluminium (660 °e = 933 K) it is 

expected that the aluminium film will be either directly deposited as 

a polycrystalline layer or become so by recrystallization. 

Now an attempt will be made to describe the nucleation and the early 

stage of growth. 

The following stages can be distinguished: 

I. Saturation of the aluminium film with silicon. 

2. Formation of nuclei on steps on the aluminium film. 

3. Growth of the nuclei. 

I . Saturation of the aluminium film 

As has been mentioned before, at an initial substrate temperature of 

about 550 °e the aluminium film stays solid during nucleation. 

According to Mcealdin (1974) the diffusion coefficient of silicon 

~n th~n d 1 · · f.l · b 10-8 cm2 s-I at 550 °e. • • evaparate a um~n~um ~ ms ~s a out 

This means that the diffusion length IDT with T = I sec becomes I ~m. 

The solubility of silicon in (bulk) aluminium is 1.3 wt% at 550 °e. 

Because of the high diffusion coefficient and the relatively low 

solubility, it is expected that the I ~m thick aluminium film is 

saturated very rapidly with silicon, within I second. 

2. Formation of nuclei on steps on the polycrystalline aluminium film 

From SEM observations it can be concluded that the nuclei are formed 

on top of the aluminium film. 

Because the steps are energetically attractive sites for the 

nucleation, it is expected that the nuclei are formed at these sites. 

We believe that the initia! supply of silicon atoms to form the nuclei 

is provided by the (super) saturated aluminium film. The high 

diffusion coefficient of silicon atoms in the aluminium film seems to 

enhance the process of formation of sufficiently large nuclei. Silicon 
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atoms can reach the nuclei also by diffusion over the surface of the 

aluminium film, but this process seems to be less important in the 

initial stage of nucleation. As the nucleus becomes larger the supply 

of silicon atoms will be taken over more and more by direct impinge

ment and by surface diffusion over the silicon surface. 

3. The growth of the nuclei 

The diameter of the fibrils is determined by the number of nuclei and 

by the lateral growth rate of these nuclei. This growth rate depends 

on the surface diffusion coefficient of the silicon ad-atoms. We think 

that only those nuclei which have reached a sufficiently large size at 

a certain time in the process do grow out to fibrils, whereas the 

smaller ones become inactive. The first ones are called fertile 

nuclei in this chapter. 

As can beseen from the expressionsof Venables (section 4.4.1) the 

saturation density of the number of nuclei as a function of the sub

strare temperature and of the deposition rate might give us some 

information on the process of nucleation and possibly also on the 

activatien energies involved. 

Though in our case the nucleation takes place on an aluminium film 

and not on a bare substrate, the dependenee of the number of fertile 

nuclei is studied as a function of the substrate temperature and of 

the deposition rate in order to obtain information on the nucleation. 

The diameter df of the fibri ls is directly related to the number of 
2 

fertile nuclei per cm . n sv' and because the number of fibrils is 

roughly the same in all columns, independent of the deposition para-

meters, the following proportionality is valid: 

(4.5) 

1n which d 1s the diameter of the columns. 
c 

The temperature dependenee of the number of nuclei as a function of 

the initial substrate temperature can now be calculated from the 

diameter of the columns as a function of the initia! substrate tempe

rature. This has been done for silicon layers deposited on aluminium 

coated stainless steel and pyrex glass substrates in the temperature 
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range between 500 °e and 560 °e. An activatien energy of 4 eV and 3 eV 

has been obtained for the number of nuclei as a function of the 

temperature for these two cases respectively. 

Because these activatien energies are close to the activatien energy 

of the surface diffusion of silicon ad-atoms on a silicon surface with 

a dense adsorbed hydragen layer, being about 4.0 eV, as will be shown 

later on, we think that the process of formation of sufficiently large 

fertile nuclei is strongly influenced by surface diffusion and 

hindered by the adsorption of hydrogen. In our case the residual gas 

is mainly composed of hydragen during silicon deposition, campare 

sectien 2.2. Because of the high adsorption energy of H-atoms on a 

silicon surface, viz. 3.2 eV according to ehernov (1978), hydragen 

atoms can easily be adsorbed to the growing silicon surface. Adsorbed 

gas atoms, in our case especially hydrogen, can reduce the surface 

diffusion coefficient and enhance the activatien energy of the surface 

diffusion coefficient. 

The idea that adsorption of hydragen at the silicon surface influences 

the surface diffusion coefficient and therefore the lateral growth 

rate is also supported by the dependenee of the number of fertile 

nuclei on the deposition rate, 

In our case the number of fertile nuclei decreases at higher deposi

tion rates, which is nat in agreement with the theory of Venables. 

This can be explained in the following way: At higher deposition rates 

relatively more silicon atoms with respect to hydragen atoms are 

supplied to the silicon surface which gives rise to a faster surface 

diffusion of silicon atoms. Therefore larger nuclei can be formed at 

higher deposition rates, whereas at the same time the total number of 

fertile nuclei is reduced. Besides this there is a secend effect. At 

higher deposition rates the surface temperature rises faster which 

leads to a higher surface temperature and to a higher surface diffu

sion coefficient. Therefore a higher lateral growth rate is obtained 

at higher deposition rates which also leads to larger nuclei and 

thicker fibrils. This second effect is in agreement with the expres

sions 4. I. 4.2 and 4.3: a higher surface temperature leads toa 

smaller number of nuclei and therefore to thicker fibrils. 

In summary we might say that the initial number of nuclei is probably 
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given by one of the expressions of Venables, but that the number of 

fertile nuclei and the diameter of the fibrils is determined by the 

surface diffusion coefficient of silicon atoms on the silicon surface 

and is (probably) reduced by the adsorption of hydrogen. 

Now the influence of the adsorption of hydragen atoms on the surface 

diffusion coefficient of silicon ad-atoms on a silicon surface will 

be described in some more detail. 

According to Chernov (1978), in a dense adsorbed layer the surface 

diffusion of ad-atoms is hindered due to the lack of free adsorption 

sites to which ad-atoms may jump. The occurrence of an adsorbed 

hydragen layer in our case is very probable because i) the high 

binding energy of Si and H: 71.4 kcal mol-I = 3.2 eV, according to 

Chernov and ii) the presence of a relatively large number of hydragen 

atoms. From the rest gas spectra, campare figure 2.4, it can he seen 

that the partial hydragen (H
2

) pressure is very high during silicon 
-4 deposition (2. 10 torr). Because of the high power electron beam and 

because of the high souree temperature, a relatively large number of 

hydragen atomscan be formed. These atoms can be adsorbed to the 

silicon surface. 

If we assume that only one type of atoms is adsorbed, viz. H, we can 

write for the surface diffusion coefficient DSi: 

(4.6) 

1n which (I - eSiH) aceouts for the fraction of vacant adsorption 

sites, which are not occupied by an adsorbed H atom and in which sdi 

is the activatien energy of surface diffusion on a silicon surface 

without adsorbed layer. 

According to Chernov (1978) the following proportionality is valid: 

(4.7) 

1n which ESiH is the binding energy of Si and H. This leads to an 

effective activatien energy for surface diffusion ED equal to 

(4.8) 



According to Chernov (1978) eSiH = 3.2 eV and according to measure

ments of Hendersou (1972) edi = 1.05 eV. However, in literature there 

is a wide spread in edi viz. between o.2 and 1.5 eV (Henderson, 1972). 

Taking edi = 0.85 eV, we find with (4.5): E0 = 4.1 eV. 

This value (4.1 eV) is much higher than the activation energy for 

surface diffusion on a "clean" surface (0.2- 1.5 eV) and very close 

to the value we found for the activation energy of the number of 

nuclei as a function of temperature (3~4 eV}. Therefore it is very 

probable that hydrogen adsorption mainly determines the surface 

diffusion of the silicon ad-atoms on the growing surface and 

influences the process of nucleation and the early stage of growth-

The absence of hydrogen as a residual gas or a much better vacuum 

should have a drastic effect on the surface diffusion of the silicon 

ad-atoms and therefore on the diameter of the fibrils. 

4.5. The colurnnar structure 

The appearence of colurnnar structures in thin films produced by vapour 

deposition and by sputtering is described and discussed in literature. 

Movchan and Demchishin (1969) have investigated the influence of the 

substrate temperature on the columnar structure of thick coatings (25-

2000 ~m) of Ni, Ti, W, Al
2
o

3 
and Zro2 deposited by electron beam 

-I 
evaporation at high deposition rates (1.2- 18 ~m min ). The general 

features of the structure of these coatings could be correlated to 

Temperature 

Figure 4.12. Diagram of structural zones of condensate in dependenee 

on the base structure. (Movchan and DemchishinJ 1969). 
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three zones depending on T/TM' where T is the substrate temperature 

and TM the melting temperature of the coating, campare figure 4.12. 

In the first zone (T/TM < 0.25-0.30) the condensate surface ha& a 

characteristic dame structure, the diameter of the dornes increases 

with temperature. The tapered grains have a more ar less fibrous 

internal structure. In the second zone (0.25-0.30 < T/TM < 0.45) 

there is a colurnnar structure with well defined boundary zones, 

the surface is smooth matt. In the third zone (T/TM > 0.45t e~uiaxed 

grains arise with a bright surface. 

The influence of substrate temperature and depositîon rate on the 

structure of thick sputtered Cu-coatings is descrihed by Thornton 

(1975). Also in this case colurnnar structures are observed. The 

structure depends on the substrate temperature (T/TM). and on the argon 

pressure, campare figure 4.13 . A distinction of the structure into 

POROUS STRUCTUR( 
COHSISTIHG 0' TAI'UUO 
CAVSTALLITES SE, ARAlED 
IVVOIDS 

COLUMNAA QRAIN$ 

FiguPe 4.13. Influenae of substPate tempePatuPe and pPessuPe on 

micPostPUcture of sputtePed metaZ coat~ng~. (TnoPnton, 

1975). 

different zones, depending on T/TM and on the argon pressure is given. 

These zones are more ar less camparabie to the zones de!ined b;y

Movchan and Demchishin. However, one extra zone is introduced; a 

transition zone between zone I and zone 2. In this zone a transition 

structure appears, consisting of densely packed fibrous grains. 

According to Dirks and Leamy (1977) a limited atomie mobility has to 

be regarcled as a requirement for column formation in vapour deposited 

thin films. The mobility of the incident vapour atoms over the sub-
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strate must be distinguished from the mobility over the growing 

material. Only the latter needs to be "limited". In the nucleation 

stage there can be a significant mobility over the substrate. 

Subsequent growth yields a colurnnar structure whose "netwerk" reflects 

the nucleus density. 

The structure of our layers deposited on Al-coated stainless steel 

substrates can be correlated to zone 1 of the diagram of Movchan; the 

diameter of the columns increases wi th substrate temperature (for T < 

560 °e) and the columns show an internal structure: they are composed 

of fibrils. The decrease of the diameter above 560 °e possibly 

corresponds to a transition to zone 2. 

It seems that the structure of the layers deposited on Al- coated pyrex 

glass substrates can be correlated to the transition zone in the 

diagram of Thornton. These silicon layers show a structure of densely 

packed fibreus grains. On the top of the layer the dornes of the 

columns can still be observed , but in the layer there is hardly any 

difference between the boundaries between the columns and the 

boundaries between the fibrils (compare figure 4.1b). 

We think that the colurnnar structure in our vapour deposited silicon 

layers is caused by the limited mobility of the ad-atoms. This is 

according to Dirks a requirement for the formation of such a colurnnar 

structure. The atomie mobility in our case is limited by the low 

temperature of the layer during growth and by the adsorption of 

hydrogen. 

In order to obtain a simple model explaining the occurrence of th.e. 

constrictions during growth (compare sectien 4.3.4.2), an estimate of 

the activatien energy of thediffusion coefficient involved during 

growth is made. This is clone using the decrease of the diameter of the 

fibrils in the case of a constriction in a period of reduced electron 

beam power and using the corresponding drop of the surface temperature 

as determined by the Re-network model. 

The simplest assumption one can make on the relation between the 

actual fibril diameter L and the temperature T seems to be 

L (4.9) 
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with L0 being the maximum diameter of the fibril and EA an activation 

energy. Because 

L 
E -E 

T D 
kT (4. 10) 

with D being a diffusion coefficient and 1 a characteristic diffusion 

time, we find 

(4. 1 1) 

EA has been calculated from the constriction of the fibril, repre

sented in figure 4.9. In this case the duration of the interval of 

reduced power was 3 to 4 seconds. The drop of the souree temperature 

was calculated to be from J900 °e to 1600 °e resulting in a drop of 

the surface temperature of the growing silicon film of 14 ± 3 °e, as 

has been determined by means of the Re-model. The resulting decrease 

of the diameter of the fibril in figure 4.9 is from 0.67 ~m to 0.28 

~m, which leads using 4.9 to 3eV < E < 4! eV. Assuming E = 0, we A T 
find using (4.11) 6eV < ED < 9eV. 

This activation energy ED is equal or higher than the activation 

energy of the ·bulk diffusion coefficient of Si in Si being 5.5 eV. 

Because our value of ED is much higher than the activation energy of 

the surface diffusion coefficient of Si on a Si-surface with a dense 

adsorbed H-layer (4. 1 eV), we have to conclude that bulk diffusion 

controls the process of lateral constriction and extension. This is 

probably caused by the extremely high flux of the Si~atoms, which 

might lead to a crystallization process below the growing Si~surface 

in stead of on the Si-surface. 
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CHAPTER 5 

ELECTRICAL PROPERTIES OF THE SILICON LAYERS AS GROWN 

5.1. Introduetion 

The electrical properties of the silicon layers which are important 

for the application in solar cells are: i) the resistivity and the 

mobility of the carriers in the direction of growth (z-direction), 

ii) the doping level and the free carrier concentratien and iii) the 

minority carrier lifetime. 

From the structure of our layers, compare figure 5.1, we expect that 

the electrical properties are strongly influenced by the presence of 

the vertical boundaries between the columns and between the fibrils. 

Figure 5.1. The silicon layer on an aluminium coated substrate. 

These boundaries will reduce the minority carrier lifetime and the 

conductivity in the plane of the layer, compare sectien 5.2. The 

latter is caused by reduction of the number of free carriers because 

of trapping on these boundaries and by requction of the mobility 

because of the presence of potential harriers which are formed by the 

trapped carriers. 

The conductivity pz in the z-direction is determined by the same free 

carrier concentratien and by the mobility ~z in this direction. The 

latter is determined by the crystalline perfection of the fibrils in 

the direction of growth. 
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In our case p and pz' compare figure 5.1, are a function of the 
xy 

distance z to the aluminium film, because of the gradient of the 

aluminium concentration caused by diffusion from this film into the 

silicon layer. From microspot analysis, compare figure 5.2, it can be 

seen that the aluminium concentration is less than 0.1 at% at a 

distance of 9 ~m from the aluminium-substrate interface. 

s 

;;- 6 .. 
.!: 

<i I, 

2 

0 30 
rC,um) 

Figur>e 5. 2. 

The aluminium distr>ibution at the inter>

fade of a polycr>ystalline silicon layer> 

(x<12 umJ and an aluminium coated single 

crystalline silicon substr>ate (x>12 umJ, 
as deter>mined by micr>ospot analysis. 

The aluminium film is located at x=12 ~m 

and has a thidkness of about 0.5 urn. 

The layers are very inaccessible to the determination of their 

electrical properties. This is because of two facts: i) the presence 

of the conducting aluminium film and ii) the small thickness of the 

silicon layers (<50 ~m). 

At the Photovoltaic Material and Device Meas.urements W.orkshoJ? ( held 

at Arlington, USA, in 1979) it became clear that there extsts only 

a very limited number of techniques for the determination of the 

electrical properties of thin semiconducting layers on conducting 

substrates. The main techniques are the spreading resistance technique 

and the capacitance-voltage (CV) technique. 

A summary of the techniques we applied to determine the electrical 

properties of our layers is given in table 5.1. 

The spreading resistance technique, described insection 5.3.2, is 

used as a fast technique for the characterization of the resistivity 

of the layers. In this technique a sharp needle is pressed onto the 

silicon layer. The spreading resistance, which is the resistance 

between the metal needie and the silicon layer, is proportional to the 

local resistivity in the region just below the needle. In our case, in 

fact information is obtained on an equivalent resistivity which is 
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Table 5.1: Summary of applied measUPing teahniques 

Measuring Quantity Remarks Remaval of 
techniques substrate and 

of Al-film 

Spreading peq=(pxy.pz ) ! -fast characte- no 
resistance rization of 
technique local resisti-

vity 
-calibration 
necessary 

R. f. cylinder - calibration pz -no no 
resistance necessary 
technique 

V.d . Pauw - - -complicated pxy•P yes 
and Hall sample 
effect preparatien 

Capacitance- Na -yields local no 
voltage active doping 
measurements concentratien 

Photoconduc- minority -averaged over yes 
tivity + carrier bulk + surface 
photodecay lifetime 

equal to (p .p )!, in 
xy z which p and p are the local resistivity in xy z 

the plane of the layer and in the direction of growth respectively. 

The r.f. cylinder resistance technique, described in sectien 5.3.1, 

has been developed to determine the resistivity in the z-direction, 

campare figure 5.1. This technique has notbeen described in litera

ture as far as we know. 

In principle a circular top and bottorn contact with a known area are 

produced. By using an r.f. voltage the d.c. contact resistances are 

~hort circuited by the contact capacitances and so the bulk resistance 

can be determined. 

Because in our case pz is a function of z, an average value of the 

resistivity pz is obtained, averaged over the thickness of the layer 

t: 

t 
(5. I) 
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By using Hall effect measurements an average carr~er concentration 

p can be determined. In the case that the mobility ~ is independent xy 
of z this carrier concentratien p is equal to: 

p 
t 

t 

J p(z) dz 

0 

(5.2) 

A summary of the roodels for the electrical transport properties of 

thin silicon films is given in section 5.2. In this summary the 

historical development has been followed. Section 5.3 deals with the 

applied measuring techniques. The results of the determination of the 

electrical properties are presented in section 5.4 and discussed in 

section 5.5. 

The electrical properties of the layers as grown have been determined 

mainly on silicon layers deposited on aluminium coated pyrex glass 

substrates, because these substrates can be removed without darnaging 

the silicon layer. The influence of the initial substrate temperature, 

the deposition rate and the addition of boren to the crucible on the 

resistivity pz of these layers have been studied. The dependenee of p 
2 

on the temperature of the sample has been determined. 

Besides this the average carrier concentration ]i has been determined 

using Hall effect measurements and the minority carrier lifetime using 

a combination of photoconductivity- and photodecay measurements. 

The electrical properties of the silicon layers after annealing are 

described in chapter 6. 

5.2. ModeLs 

5.2.1. The modeL of Volger 

In order to be able to appreciate modern relevant roodels on the 

resistivity and the mobility in polycrystalline silicon films it is 

necessary to summarize Volger's (1950) early model for an inhomoge

neous conductor, as represented in figure 5.3. 

He assumes that the material consists of highly conducting grains with 

dimension 1
1

, resistivity p
1 

and Hall coefficient A1 separated by a 

thin layer with thickness 1
2

, resistivity p
2 

and Hall coefficient A2 . 

Then the macroscopie resistivity p is given by 

(5.3) 
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Figure 5. 3. 

The model of Volger (1950), for 

an inhomogeneous aonductor. 

The currents i 1 and i 2 are the currents through the grains and 

through the interfacial layers respectively, campare figure 5.3. 

According to Volgereach grain gives a Hall voltage of about A
1

1
1
i

1
B 

and each longitudinal layer gives likewise A21 2i 2B, but in each per

pendicular layer the Hall voltage cannot be higher than 

0.75 (1 2/1 1)A21 1i 1B. This is because the highly conducting grains have 

to be considered as current electredes for the thin layers of higher 

resistivity. Because of the small value of the ratio 1211
1 

this leads 

to a reduction of the Hall voltage across this layer. This reduction 

can be calculated using potential theory. 

For the same reasen a factor c(l
2
/1

1
) 2 arises in the expression for 

the macroscopie Hall coefficient for the sample as a whole: 

(5.4) 

with c being of the order of magnitude I. 

~ will not be very different from A1 generally; p on the other hand 

can be much greater than p
1

. 

According to Volger these expressions mean that, if the Hall effect 

and the resistivity of such an inhomogeneous conductor has to be 

explained in terms of electron density and mobility no conclusion as 

to the mobility either in the highly conducting grains or in the 

poor conducting interfacial layers may be drawn. 

5.2.2. The model of Kamins 

Kamins (1971) presented a model for the resistivity and the mobility 

of a polycrystalline silicon semiconductor. He assumed that trap 

states are present on the grain boundaries between the crystallites, 

campare figure 5.4. Carriers contributed by the dopant atoms can be 

trapped at these states, producing a charged grain boundary, 

surrounded by a space charge region of opposite polarity. 
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Figu:re 5. 4. 

The modeZ of Kamins (1971), 

schematic representation of 

the band struatu:re for an 

inhomogeneous-fiZm modeZ 

(n-type si liaon). 

In the model of Kamins it is assumed that the Fermi level is pinned 

deep within the forbidden gap ·at the grain boundaries or at defects in 

the silicon. Since the Fermi level near the grain boundary is far from 

either band edge, the region near the grain boundary will represent a 

high-resistivity region in either p- or n-material and will limit 

the conductivity in either type of polycristalline silicon. 

The width of the space charge region 1
2 

(cm) is related to the number 
-2 

of carriers nt (cm ) which are trapped at the grain boundary by: 

(5.5) 

-3 
with n

1 
(cm ) being the majority carrier density in the neutral 

region. The potential harrier height ~ is calculated using Poisson's 

equation and equation 5.5: 

(5.6) 

The ratio of the number of free carriers in the neutral region n
1 

to 

that at the top of the harrier n
2 

is: 

2 2 

.9! exp kT exp 
( q nt ) 
\ 8EkTn 1 

(5. 7) 

Using the model of Volger for an inhomogeneous conductor, compare 

equation (5.3) and (5.4) with c=l, and the expression (5.7) Kamins 

obtains the following expressions for the "observed" carrier concen

tratien n and for the "observed" Hall mobility ]..lH: 

n 
I I I I 



I + 

2 2 2 2 2 
I + (nt/n 11 1) exp(q nt/8~kTn 1 ) 

(5.8) 

2 
Al + (12/11) A2 

PI + p2l2/ll 
J..lH 

p 

Al 
~ --------~----

PI + P2 1/ 1 1 

(5.9) 

In (5.8) it is assumed that 1
2 

< 1
1 

and that the carrier concentratien 

in the high-resistivity region equals that at the top of the harrier. 

According to Kamins, at high doping levels (10 19 cm-3) the harrier 

near the grain boundary will be small and the "observed" resistivity 

will be determined primarily by the resistivity of the crystallites. 

As the doping level decreases the space charge regions widen and the 

resistivity becomes limited by the harriers. In this case the secend 

term in the denominator of (5.9) becomes dominant and the "observed" 

mobility becomes approximately: 

11 n2 
J..lH ---}..1 

1
2
n 1 2 

(5. 10) 

Substitution of (5. 7) into (5. 10) leads t(}! 

2 2 1 1n1]..12 (- q nt ) 
J..lH exp 

8E:kTn 1 
(5. 11) 

nt 

From (5.11) it can beseen that at low doping levels (small value of 

n 1) ]lH can be reduced strongly. This is illustrated by the obser

vations of Volger (1950), who found very low values of the mobility 

in some samples of semiconducting materials. 

5.2.3. The model of Seto 

In the model of Seto (1975) for the electrical transport in poly

crystalline films trapping of carriers is assumed on the grain 

boundaries between the crystallites, compare figure 5.5. Seto 

assumes that all the traps are located at the same energy Et with 

respect to the intrinsic Fermi level. He assumes that the number of 

carriers that are trapped does not depend on the temperature. 
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Figure 5. 5. 

The model of Seto (19?5). (a) Model for 

the crystal structure of polysilicon 

films. (b) The charge distribution 

within the crystallite and at the grain 

boundary. ( c) The energy band s tructure 

for the polysilicon orystallites (p-type 

silicon). 

Seto assumes that the conduction in the polycrystalline film is mainly 

determined by thermoionic emission over the potential barriers caused 

by trapped carriers at the boundaries and that tunneling can be 

neglected. The thermoionic emission current density, Jth' at an 

applied voltage Va across a grain boundary is for qVa<<kT given by: 

[( 
1 )~ ( qVB )l exp- -- V 

2Tim*kT kT J a 
(5. 12) 

in which pa is the average carrier concentration, m* the effective 

mass and qVB the barrier height. Equation (5.12) represents a linear 

current-voltage characteristic. 

If the grain size is L this leads to a conductivity a of the poly

crystalline film: 

a ( )~ exp(- ~) 
2Tim*kT kT 

(5. 13) 

Using 

(5. 14) 

together with (5.13) leads to an effective mobility 

(5. 15) 

If N (cm-3) is the carrier concentratien in the neutral region of a 

crystallite and Qt (cm-
2

) is the trap density on a boundary, two 

situations have to be distinguished according to Seto: 
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I. The whole crystallite is depletion region, this means LN<Qt. In 

this case the barrier height is given by 

qL 2N 
(5. 16) 

2. A part of the crys tall i te is depletion reg ion, this means LN>Qt. 

In this case the barrier height ~s given by 

2 

VB 
qQt 

(5. 17) 8sN 

In this last case the barrier height qVB is independent of the grain 

size L. 

N 

Figure 5.6. The dependenee of v8 on the doping conoentration for 

a small (L2) and a large (Ll) grain size for the 

same density of trap states Qt (Model of Seto). 

A sketch of the dependenee of VB on the doping concentratien for a 

small and a large grain size is given in figure 5.6. 

5.2.4. The model of Baccarani 

Baccarani et al. (1978) presented a modified grain boundary trapping 

model for the transport properties of polycrystalline silicon films. 

Two types of trap distributions are considered: I) a o-shaped 

distribution in which all traps are located at the same energy with 

respect to the intrinsic Fermi level and 2) a continuous energy 

distribution of trapping states. 

The case of the o-shaped distribution is closely related to Setows 

model (compare section 5.2.3). The difference is that Seto assumes 
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that the Fermi level is located sa deep within the forbidden gap 

that the accupation of the traps is independent of the temperature, 

whereas Baccarani allows a voluntary location of the traps with 

respect to the Fermi level and therefore allows the number of occupied 

interface states to be a function of the temperature. 

Baccarani et al. have calculated the activatien energy of the conduc~ 

tivity as a function of the impurity concentratien for the various 

densities of interface states at the grain boundaries bath for the 

ê-shaped distribution and for the continuous distributîon. This 

activatien energy is given in figure 5.7a and 5.7E for the two 

distributions respectively. 

a) 

Figure 5.?. The activation ene~gy of the conductivity as a function 

of the impurity concentration fo~ various densities of 

interface states for the ê-shaped distribution (a) and 

for the continuous distribution {b), ('1ode7, of Bacaa

rani). 

5.3. Measuring teahniques 

5.3.1 The r.f. cyl,inde~ resistance teahnique 

b) 

An easy way to determine Pz would be a d.c. cylinder resistance meas

urement. Because of the contact resistances Rel and Rc 2 (compare 

figure 5.8) which are much larger than tfie liul~ resîstance ~· such a 

measurement requires the installati.on of two voltage prol:i:es· at a well 

defined distance along the z~irecti.on on a fractured edge af tfia 
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a 

Figure 5.8. a) The r.f. cylinder resistanae aonfiguration. 

b) An equivalent airauit. 

layers. Because of the small thickness of the layer, viz. between JO 

and 50 ~m, the installation of these probes is impracticable. 

By measuring the impedance IZI as a function of the frequency f in 

stead of measuring the d.c. cylinder resistance, it is possible to 

determine the bulk resistance ~· At sufficiently high frequencies 

the contact resistances are short circuited by the contact capaci

tances. In this frequency region IZI becomes independent of the 

frequency f and equal to ~· compare figure 5.9. 

logiZI 

Rb+Rc1+Rc2r-------

Rb------------~------------

log f 

Figure 5.9. The impedanae IZI versus frequenoy f for the r.f. cylin

der resistanae aonfiguration1 assuming R01 = R02 and 

cel = cc2' 
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If the contact radius of bath the top and the bottorn contact is r 
c 

and the thickness of the layer is t and re is large with respect to t, 

then the resistivity p is defined by 
z 

t 

- I f p z = -t- (5. 18) 

0 

and can be calculated using 

r~~ 
pz t (5. 19) 

In order to test this methad the resistivity of a single crystalline 

wafer has been determined in the plane of the wafer by a Van der Pauw 

measurement and perpendicular to the wafer by an r.f. cylinder resis-

tance measurement. In the first case p - 78 ~ 5 n cm is obtained, xy -
whereas in the secend case pz = 80 ! JO n cm. The inaccuracy in the 

latter value is mainly determined by the inaccuracy in the deter

mination of the area of the sputtered top and bottorn contact. The two 

measured resistivities are in goed agreement because no anisotropy in 

the resistivity of the single crystalline wafer is expected. 

In our case the silicon layers are deposited onto an aluminium coated 

substrate. The aluminium coating is used as a back contact. On the top 

side of the layer sputtered platinum centacts are used which are 

annealed at 350 °C, in order to ferm platinum silicide, which is known 

to give an ohmic contact to silicon. These centacts are passivated 

with a sputtered gold layer . These passivated centacts are extremely 

stable. However, simple sputtered gold centacts can be used as well. 

Because the radius of the top contact (JOOO pm1 is much larger than 

the thickness of the silicon layer (10-50 pm) relation (5.19), valid 

for two cylindrical contacts, can also be used in the case that one 

circular contact on top of the layer and the conducting aluminium film 

on the whole bottorn side of the silicon layer are present. 

By using a large number of smal! centacts on top of the layer,e.g. 20 

centacts with a diameter of I or 2 mm, a goed insight on the electri

cal homogeneity of the layers can be obtained. 

Using the r.f. cylinder resistance technique, pz can easily be deter

mined as a function of the temperature. For this purpose, the alumi

nium coated substrate with the silicon layer and the top contact(s) 
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is mounted on the tail of a liquid nitrogen cryostat. In this set up 

it is possible to vary the temperature between 80 K and 500 K. 

In some cases it was nat possible to short circuit the contact capaci

tances at low temperatures (<I80 K), within the applied frequency 

range from 40 kHz to 20 MHz. 

The occurrenceof a sufficiently wide frequency region in which IZI 

is independent of the frequency f is a goed check for the reliability 

of this method. 

Advantages of this methad are: 

I. The absolute value of p of thin layers can be determined without 
z 

a calibration technique. 

2. No complicated sample preparatien is required, the aluminium layer 

is used as a back contact and the substrate need nat to be removed. 

3. pz can easily be determined as a function of the temperature. 

A disadvantage of this methad is: 

I. In a number of cases it is nat possible toshort circuit the 

contact capacitances at low temperatures, at a sufficiently low 

frequency (<20 MHz); this can, however, always be checked by the 

IZI versus frequency .characteristic. 

5.3.2. The spreading resistanoe teohnique 

This technique is used to obtain a first characterization of the 

resistivity of our silicon layers. Muc~ information on tfiis technique 

is given by Mazur et al. (J966) and in the proceedings of tne 

Spreading Resistance Symposium of I974. 

This technique is based on the effect that the resistance between a 

flat circular contact with a radius a and a semi-infinite homogeneaus 

isotropie medium with resistivity p is given by (Mazur, J966): 

R 
s 

p 

4a 

If the contact radius a is known and the resistance R can be 
s 

measured, p can be calculated in principle. 

(5.20) 

The spreading resistance of a flat circular contact with radius a on 
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Figure 5.10. The spreading resistanae aonfiguration on an 

isotropia medium. 

a homogeneaus isotropie medium with thickness t and a conducting back 

layer, cernpare figure 5.10, is given by: 

R 
s 

p 

4a 
g(!) 

a 
(5.21) 

The correction factor g is given as a function of t/a by Severin 

(1974). This factor becomes nearly I for t/a>4. 

The spreading resistance of a flat circular contact on a homogeneaus 

anisotropic medium with resistivities p = p = p and p can be· 
x y xy z 

derived from (5.21) using the formulae for the mathematical trans-

formation of an anisotropic medium to an isotropie medium, given by 

Van der Pauw ( 1961). This leads to: 

(pxy.pz)! 
g(K-! E,) 

p K! 
-! t 

R 
z g(K -) 

s 4a 
a 

4a a 

where 

K ~ 
pz 

I 

If ~1, the spreading resistance is proportional to (p .p )~. xy z 

(5.22) 

(5.23) 

In practice, a small contact is obtained by pressing a metal needle 

with a small radius (typical 5 ~m) to the silicon layer. 

Because of the occurrenceof multispots (Severin, 1974) an effective 

radius aeff has to be used in the formulae given above. aeff depends 

on the surface condition of both the needle and of the silicon layer 

and on the applied needle pressure. This means that a calibration is 

necessary in order to determine aeff. 

In this technique an ohmic contact between the metal point and the 

semiconductor is preferred. On our layers an ohmic contact is 

obtained by applying a tungsten needle. 
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The following experimental arrangement is used: 

Sharp tungsten needies were obtained by spark discharge macbining. A 

needle was mounted on the arm of a balance of Mohr...Westphal. Using 

this type of balance the needle pressure can he adjusted accurately. 

The applied force on the needle was about 30 N . At this rather low 

force measurements with a good reproducihility on our silicon layers 

are obtained, provided that a standard surface treatment is applied to 

the surface of the silicon layer. This treatment is: carried out by 

hand lapping the surface for about I minute using sand"qlaper (type 
.,.2 

600) and an applied pressure of about 350 N cm 

The aluminium film was used as a back contact. Tne applied voltage was 

kept low, < JO mV, in order to avoid injection e.ffects. Keithley 602 

electrometers were used tó determine the I-V characteristic of the 

contact between the tungsten needle and our silicon layers. In all 

cases a linear I-V characteristic is obtained. 

The effective contact radius aeff has been determined in the following 

way: 

Because non-ohmie centacts were obtained by pressing the tungsten 

needle onto single crystalline silicon wafers, the calibration has 

been carried out on three of our polycrystalline silicon layers. The 

resistivity of these layers has been determined in the z-direction by 

applying the r.f. cylinder resistance technique (section 5.3.1). The 

anisotropy factor K of these samples is about unity as can be conclu

ded from a combination of r.f. cylinder resistance, Van der Pauw and 

spreading resistance measurements. 

Because ~I and ~I for these calibration samples (5.22) can be 

simplified to: 

R 
pz 

4aeff 
(5.24) 

s 

or 
pz 

aeff 4R 
(5.25) 

s 

On all these samples the same value of aeff has been obtained. The 

value of aeff of the needle used in most of our experiments turned 

out to be 5 ~m whereas aeff of a sharper needle used for profile 

measurements turned out to be 1.7 ~m. 
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The results of the spreading resistance measurements will be 

represented Ln the next sections in the form of an equivalent 

resistivity, defined as 

5.3.3. Van deP Pauw and Hall effect measurements 

(5.26) 

The effective conductivity o xy in the plane of the polycrystalline 

silicon layers separated from pyrex glass and stainless steel sub-

strates, has been determined using Van der Pauw's (1958) method. 

In this method the resistivity p can be calculated by determining two 

four point probe resistances, campare figure 5.lla and figure 5.llb 

respectively: 

Figure 5.11. a) and b) Van der Pauw configuration. 

a) Hall effect oonfiguration. 

Rl2,34 
v4 - v3 

1
12 

and 
VI - v4 

R23,41 123 

According to Van der Pauw, the resistivity p is then given by: 

p 

(5.27) 

(5.28) 

(5.29) 

where t is the thickness of the layer and where f* is a function 

which only depends on the ratio of R12 , 34 and R23 , 41 ; 

f*(R 12 , 34 /R 23 , 41 ) is given by Van der Pauw. 
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The same four centacts are used for Hall effect measurements. In this 

case the current passes through two opposite contacts, whereas the 

Hall voltage is measured between the other two opposite contacts, 

compare figure 5.llc. 
~4 

Because of the occurence of magneto resistance effects . (~p/p = 10 

at I Tesla and 300 K) it turned out experimentally that it is more 

favourable to carry out these Hall effect measurements at a constant 

sample current than at a constant sample voltage. 

The influence of the change of the resistivity because of the magnetic 

field can be eliminated by reversing the magnetic induction. In this 

case the Hall voltage is given by: 

where 

rBI 

qpt 

r = Hall scattering coefficient 

B = magnetic induction 

I sample current 

p = average free carrier concentratien 

(5.30) 

In the case of a polycrystalline sample in which potential harriers 

are present at the grain boundaries, p is the free carrier concen

tratien averaged over the volume of the sample (see Jakubowski, 1976 

and Jerholt et al., 1978). In the calculation of p from VH using 

(5.30) we assume that r = I. 

A diagram of the set up for the Van der Pauw and Hall effect measure

ments is given in figure 5.12. The sample is mounted in a cryostat. 

The temperature of the sample can be. adjusted between 200 K and 450 K. 

A "constant" sample current is obtained by using a high ohmic resistor 

(Rs = 200 Mn) in series with the sample (typical resistance 100 Kn). 
The current stability is checked during the measurements by means of a 

high resolution de differential voltmeter . (Fluke type 895A) connected 

to the recorder output of the current meter (Keithley type 414A). This 

stability turned out to be better then I on 3.105 . 

In order to determine the Hall voltage, the voltage at the voltages 

contacts were compensated at zero magnetic induction, by using two 

electrometers E1 and E2 (PAR type 135) and two Varley~Kelvin dividers 

P
1 

and P
2

. The unity gain output voltages of the two electrometers 
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were substracted and recorded as a function of the time. The Hall 

voltage could then be determined by measuring the deflection on the 

recorder chart from a variation of the magnetic induction. 

R 

81 1 

Figure 5.12. The Van der Pauw and Hall effect measuring circuit. 

s 
Bl 
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I 
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Pl, P2 

B2 

Al,A2 

LPF 

REG 

Resistace-Hall effeot switch 

Stabilized voltage supply (0-600 V) 

Series resistor (200 MnJ 
Amperemeter (Keithley 414A) 

DG differential voltmeter (Fluke 895A) 

Zero detectors (PAR 135 Eleotrometers) 

Varley-Kelvin dividers 

Stabilized voltage supply (0-60 V) 

Isolation Amplifiers (Fluke ABB) 

Low pass filter 

Two channe l reaorder 

The Hall voltage of the silicon layers as grown, at a sample current 

of I ~A and the maximum magnetic induction of l Tesla, was about 5 ~V. 

This is about 10-4 of the de voltage between the Hall contacts. Larger 

sample currents could not be applied because in that case voltage 

fluctuations occurred due to thermal instabilities, which were of the 

same order of magnitude of or larger than the Hall voltage. 
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At room temperature the accuracy of the determination of the Hall 

voltage is mainly determined by the drift of the electrometers (PAR 

type 135, drift about 75 ~V/0e and less than 500 ~V per 24 hours1. 

During the Hall effect measurements the variations ofthe temperature 

of the sample were about ± 0.05 °e. This stability turned out to he 

not sufficient in order to carry out Hall effect measurements as a 

function of the temperature of the layers as grown, because of their 

extremely low mobilities (0.2- 0.6 cm2v- 1 s~ 1 1. A change of the 

temperature of the sample of 0.05 °e leads to a change of the de 

voltage between the Hall voltage contacts of about 15 ~V which is 

several times larger than the actual Hall voltage. 

5.4. The resuZts of the eZeotricaZ measurements on the Zayers as grown 

In almost all cases I wt% boron was added to the crucible. If this was 

not the case it is mentioned explicitly. 

I. The conductivity in the plane of the layer and the average carrier 

concentratien 

Hot point probe measurements show that all the layers deposited onto 

stainless steel and onto pyrex glass substrates, both with and without 

I wt% boron added to the crucible, are p-type. 

The conductivity a in the plane of the layer and the average carrier 
xy 

concentratien p have been determined by Van der Pauw and Hall effect 

measurements. These measurements have been performed only on a few 

silicon layers because of the complicated sample preparation: both the 

substrate, the aluminium film and the aluminium rich part of the 

silicon layer had to be removed chemically. Besides this four ohmic 

centacts had to be made on the rather tbin silicon layer (tbickness 50 

~m or less) without breaking the sample. 

In most cases the Hall effect measurements could only be carried out 

at room temperature, for reasons described in section 5.3.3. In the 

case of sample Hl and of Al it was possible to perferm a Hall effect 

measurement at 350K. The results viz. the effective conductivity a xy 
as determined by Van der Pauw measurements and the average carrier 

concentratien p as determined by Hall effect measurements are presen-
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I/P of sample H as determined by the r.f. cylinder resistance 
z -3 -I -I 

technique was I.3xiO n cm . Using the average carrier concentratien 

p = 4±2 x IOI 6 cm- 3, we can make an estimate for ~ ff by means of an 
. z,e 2 -I -I 

expression similar to (5.3I). In this way we fLnd ~ ff=0.2 cm V s . z,e 

2. The influence of the deposition rate on the equivalent resistivity 

The influence of the deposition rate on the equivalent resistivity peq 

as determined by spreading resistance measurements and using (5.26) is 

represented in table 5.3. In each case IO spreading resistance 

measurements have been carried out. 

TabZe 5.3. The infZuenae of the deposition rateon the equiva

Zent resistivity p of siZiaon Zayers deposited eq 
onto aZuminium coated pyrex gZass substrates at a 

deposition rate of about 15 ~ min-1. 

Sample Deposition Initia! temp. peq 
ra te of the surface 

of the substrata 
-l 

(~m min ) (oC) (Q cm) 

I 2 54I 3400 

J 3 547 2400 

K I8 547 820 

Cl 20 547 860 

From this table it can he seen that an increase of the deposition rate 

leads to a streng decrease of the resistivity p 
eq 

3. The influence of the initial substrata temperature on the 

resistivity 

The influence of the initial substrata temperature on pz and on peq 

has been investigated for silicon layers deposited on pyrex glass 
~1 

substrates at a deposition rate of about 15 ~m min • The maximum 

temperature of the silicon film during growth differs less than 20 °C 

from the initial surface temperature, cernpare figure 3.8. 

p has been determined using the r.f. cylinder resistance technique. 
z 
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At each sample between 6 and 15 centacts have been sputtered on the 

top of the layer, whereas the aluminium film has been used as a bottorn 

contact. The resistivity p , which is an averaged value over the 
.z 

thickness of the layer, has been calculated frorn ~ using (5.J~} and 

the local thickness of the layer at each of the contacts. The value 

of p , which is the value of p averaged over the number of sputtered z z 
contacts, and the standard deviation have been plotted as a function 

of the ternperature in figure 5.13. 
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Figure 5.13. 

The resistivity p of silioon z 
layers deposited onto aluminium 

coated pyrex glass substrates 

at a deposition rate of about 
. -1 

15 jJJ71 rm.n as a function of 

the initial surface tempera

ture of the substrate. 
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Figure 5.14. 

The equivalent resistivity p 
eq 

of silicon layers deposited 

onto aluminium coated pyrex 

gZass substrates at a deposition 
. -1 

rate of about 15 jJJ71 m~n as a 

function of the initial surface 

temperature of the substrate. 

Frorn this figure it can be seen that the resîstivity p decreases 
.z 

with increasing initial surface ternperature of the substrate. 

On the same sample spreading resistance measurements have been 

performed. In each case 10 spreading resistance measurements have 

been carried out. The average value and the standard deviation have 

been deterrnined. The results have been plotted in figure 5.14. 

4. The addition of baron 

The effect of adding I wt% boren to the content of the crucible on the 

resistivity of the layers as grown has been investigated by r.f. 
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cylinder resistance measurements. The silicon itself used in the 

crucible is 100 n cm p-type single crystalline silicon. 

Spectro chemical analysis of three different samples show that the 

boron concentratien in the silicon layers is 1.0 ± 0.5 x 10 20 cm-3 if 

I wt% boron is added to the crucible. 

The results of the r.f. cylinder resistance measurements are presented _ 

in table 5.4. From this table it can be seen that the resistivity of 

TabZe 5.4. The infZuenoe of adding 1 wt% boron to the arucibZe 

on the resistivity pz• for siZiaon Zayers, as grown 

on aluminium aoated pyrex gZass substrates. 

--Sample Initial temp. Deposition Content of 
of the surface ra te the crucible 

pz 

of the sub-
strate 

(oe) 
. -l 

().Jm min ) (n cm) 

E 600 12 100 n cm 640 
p-type Si 

A 609 12 100 n cm 470 
p-type Si 
+ I wt% B 

the layers is not influenced very much by the addition of boren. 

However, after high temperature annealing there is a remarkable 

difference in the resistivity of layers deposited with and without 

I wt% boren added to the crucible, cernpare sectien 6.4 and table 6.2. 

5. a - (T) measurements 

The dependenee of 1/P on the temperature of the sample has been .z 
determined in the case of three samples: silicon layers deposited at 

an initial substrate temperature of 500 °C, 538 °c and 609 °C respec

tively. 1/P has been determined using the r.f. cylinder resistance 
. .z 1000 . 

techn~que. 1/Pz versus --T-- ~s represented in the figures 5.15, 5.16 

and 5.17 whereas in table 5.5 a summary of the activatien energies 

obtained from these plots is given. 
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Figure 5. 15. 

1/P versus 1000/T for sample B, z 
initial substrate temperature 

500 °e. 

0 6 

Figure 5.16. 

1/P versus 1000/T for sample H, z 
initial substrate temperature 

538 °e. 

Table 5.5. Summary of the aativation energiesof 1/P as deterz 
mined by the r.f. cylinder resistanae teahnique. 

Sample Initial temp. dep. 1/p temp. activa-
of the surface ra te at z region ti on 
of the sub- 300K energy 
strate 

(oe) ()..lm/min) (rl- 1cm- 1) (K) (eV) 

B 500 9 I. 4x I 0 -3 250<T<400 0.10 

H 538 10 l. 3x I 0 -3 150<T<260 0.07 
260<T<440 0. JO 

A 609 J 3 2.2x10 -3 BO<T<I70 0.009 
J80<T<260 0.055 
270<T<440 0.062 

The activation energies of the conductivity a as a function of the 
-xy 

reciprocal temperature, as determined by Van der Pauw measurements, 

are represented in table 5.6. 
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4 

Figure 5.17. 1/P versus 1000/ T for sample F, initial substrate .z 
temperature 609 °c. 

Table 5.6. Summary of the aativation energiesof a {T) as 
xy 

dete~ned by Van de~ Pauw measurements. 

-Sample Initial temp. dep. (J temp. activa-
of the surface ra te 

xy 
region ti on 

of the sub- energy 
strate 

(oC) (\.lm/min) (rl- 1cm- 1) (K) (eV) 

Hl 538 10 8XI0-4 170<T<270 0.09 
280<T<420 o. 14 

Al 609 13 Sxt0-4 170<T<270 0.09 
280<T<420 o. 13 

6. The minority carrier lifetime 

The minority carrier lifetime T of a silicon layer as grown could not 

be measured directly by means of a photodecay measurement because of 

the high resistivity of the sample and the short lifetime T. 

Therefore T has been determined from a photoconductivity measurement. 

In fact, in this way GT is determined in which G is the generation. G 

is measured separately by carrying out on. a single crystalline refe

rence sample both a photodecay and a photoconductivity measurement. 

T of the silicon layer deposited on a pyrex glass substrate at an 

initia! substrate temperature of 550 °c and a deposition rate of about 

IS \Jm min- 1, determined by the photoconductivity measurement is 

0.3 ± 0.2 \.ls. The Tof the 100 rl cm single crystalline silicon wafers 

used as souree material in the crucible is about 0.5 \JS. 
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5. 5. Discussion 

The electrical properties of the layers as grown have been studied 

mainly of silicon layers deposited onto aluminium coated pyrex glass 

substrates. These layers (initia! substrate temperature about 550 °C 

and deposition rate about 15 ~m min- 1) are characterized by a low 
-4 -3 -1 -1 

conductivity (5xl0 - 2.9xl0 n cm ) and an extremely low mobility 
2 -1 -1 

(0.2- 0.6 cm V s ) both in the plane of the layer and in the 

direction of growth, at room temperature. Besides this the conduc

tivity a and 1/P show an exponential dependenee on the reciprocal xy z 
temperature. 

In order to explain these effects we have to consider the structure 

of these layers. The layers are polycrystalline as can be concluded 

from the zero angle Weisenberg pattern (figure 4.9). The layers have 

a colurnnar structure, with columns witfL a diameter lie.twe.en 2 a.nd 5 jJm. 

Each of the columns is composed of fibrils- Wl.'t:FL a diameter bet~en a.. J 

and 0.3 ~m. From the strong broadening of tfie Bragg reileetion peaRs 

(compare figure 4. 7) i t can be concluded that the. f:i:Pxi'ls h:a.ve. a high 

stacking fault density. The distance between th:e stac4"ng faults i's 

estimated from the broadening to be 22 Ä. 

The extremely low mobility in the plane of the layer can be explained 

by the existance of potential harriers caused by trapping of carriers 

at the boundaries between the fibrils. 

The low mobility in the direction of growth ~z is probably caused by 

the occurrence of potential barriers due to trapping at stacking 

faults. 

The conductivity in the plane of the layer 0 and in the z-direction xy 
are coupled because trapping of carriers at the boundaries between 

the fibrils and at stacking faults both reduce the free carrier con

centration. For the same reason the activation energies of o and of xy 
1/P might be coupled. 

z 
A detailed analysis of the electrical properties of these polycrystal-

line layers, as grown, requires that the doping level can be control

led in a sufficiently wide range. Such an analysis has not been carried 

out. More recent experiments described in section 6.5, however, show 

that the doping level can be varied in a wide range. 

Also knowledge on the temperature dependenee of the effective Hall 

mobility would be required, which could not be obtained in our case. 
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Therefore the analysis presented here has to he restricted to some 

general features of the electrical properties. lt seems that these 

features can he explained by the potential harrier model of Seto 

(section 5.2.3). 

lf we consider sample Hl (section 5 . 4), we see that the activatien 

energy of the conductivity 1/P (0.10 eV at 300 K) is somewhat lower 
.z 

than the activatien energy of 0 (0.14 eV). In Seto's model this can 
xy 

he explained by different trap densities, because of a different 

degree of crystallinity in the plane of the layer and in the direction 

of growth. The current in the xy-plane of the layer passes the bounda

ries between the fibrils, these boundaries can he revealed by chemical 

etching. The current in the z~irecti.on pas:ses tfi.a s:taci.U,_ng faults. 

These faults cannot be revealed by chemi.cal etcR.ing b·ut can only fi:e 

detected from the broadening of the Bragg reileetion peaks·, Therefore 

it is expected that the density of trap states at the lioundaries 

between the fibrils is much higher than at the ~tacking faults, 

Using Seto's modeland the stacking fault distanceD = 22 Ä, whic~ 

has been determined from the broadening of the (JJJl Bragg reflection 

peak (compare sectien 4.3.2), we can make an estimate for the mofi:ilîty 

~z· Using the expression for the mobility of Seto 1s model (5.151 and 

L = D = 22 Ä and assuming that qVB is equal to tfi.e activati.on energy 

of the conductivity in the z~irection (0.1 eV1, whic~ is properly 
2 -1 -1 

valid only at T = 0 K, we find ~ ff=0.5cm V s . This. value is of z,e 
the same order as the value calculated from p and the average 

16 3 .z 
carrier concentratien p (4xJO cm"'), as determined by the Hall 

2 -1 -1 
effect,: 0.2 cm V s . 

Using Seto's model (equation 5 . 16), assuming that there is total 

depletion, assuming qVB = 0.1 eV as befare and using L = 22 Ä, we 

can make an estimate of the doping concentratîon. This estimate is 

1020 cm- 3, in goed agreement with the spectro~hemical analysis 
20 "'3 giving a baron concentratien of 1±0.5 x JO cm . Because the active 

average carrier concentratien-of the layers, as determined by Hall 
16 -3 effect measurements, is only about 4 x 10 cm (compare table 5.2) 

our assumption of total depletion seems to he valid. 
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From resistivity measurements of layers deposited onto Sio
2
-coated 

silicon substrates and which are annealed at 1250 °e (compare sec

tion 6.5) it follows using Irvin's data (see e.g. Sze, 1969) that 

the fr€e carrier concentration and so the boron concentration is at 

least 2 x 10 19 cm-3 . 

17 -3 . 
A boron concentration of only 4xiO cm ln the silicon layer is to 

be expected on account of the vapour pressures of boron and silicon 

at a souree temperature of 2200 K (corresponding to a deposition rate 

of 20 ~m min- 1
) taking into account Raoult's rule (see e.g. ~aissel, 

1970) and assuming equilibrium conditions. However, the arnount of 

boron in the silicon layer (0.1 wt%) is only one order of magnitude 

lower than the arnount of boron in the crucible (I wt%). This means 

that the evaporation process is practically a flash evaporation in 

stead of an evaporation process under equilibrium conditions. This 

can be explained by the ultra high evaporation rate at the silicon 

souree (I rnrn rnin- 1
). 

Spectro-chemical analysis of silicon layers as grown frorn which 

the aluminium rich bottorn part has been rernoved, show that the 

aluminium concentration is between 3xlo 19 crn- 3 and 2x10
20 cm~ 3 . The 

maximum solubility of aluminium in single crystalline silicon is 

6xlo 18 cm- 3 at 600 °e. 

From figure 5.13 and 5.14 it can be seen that both the resistivity 

p and p decrease with increasing substrate temperature. From table 
z eq 

5. 3 it can be seen that p .strongly decreases with increasing 
eq 1 

deposition rate: at a deposition rate of 2 ~rn min- this resistivity 

lS 4 tirnes higher than at 20 ~m min-I, 

At low deposition rates (<5 ~m min- 1) and at low substrate tempera

tures (500 °e) the quality of the layers is very poor: the inter

growth between the fibrils is very weak, as can be concluded from the 

etch behaviour. This is because the surface diffusion coefficient of 

the silicon ad-atorns increases with ternperature (compare section 4.4 

and 4.5). 

Because the structure of the layers becomes better at a higher sub

strate temperature and at a higher deposition rate a lower trap den

sity is expected at the boundaries between the fibrils and also a 
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lower stacking fault density. All these effects lead to a decrease of 

the resistivity as is observed experimentally. 

These effects might also explain the lowering of the activatien energy 

of the conductivity IfP with increasing substrate temperature (com-
z 

pare table 5.5). 

The extremely low activatien energy (0.009 eV) of JfP of sample F for z 
80K<T<I70K can he explained by hopping between localized states. This 

hopping transport is known to exist in amorphous silicon at low 

temperatures (see leComber, 1973). This might he an indication for 

an amorphous nature of our layers as grown, though this is not 

confirmed by the Weisenberg X-ray diffraction pattern. 

Because of the high resistivity, the low mobility and the short mine~ 

rity carrier lifetime, the layers as grown on aluminium coated sub~ 

strates are not suitable for application in solar cells. 

In order to improve the electrical properties of these layers a 

number of annealing experiments have been carried out. These are 

described in chapter 6. 
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CHAPTER 6 

THE PROPERTIES OF THE SILICON LAYERS AFTER ANNEALING 

6.1. Introduet i on 

The silicon layers grown on aluminium coated stainless steel, pyrex 

glass and single crystalline silicon substrates, at temperatures 

between 500 °e and 620 °C and deposition rates between 2 ~m min-I and 

35 ~m min-I, are not suitable for solar cell applications because of 

their poor electrical properties. Therefore a number of annealing 

experiments have been carried out to imprave the structure and the 

electrical properties of these silicon layers by recrystallization. 

Daey Ouwenset al. (1975) and Schins et al. (1977,1979) have recrys

tallized silicon layers grown by chemica! vapour deposition (CVD). 

Schins used CVD silicon l ayers with a grain size of 0. I - 10 ~m and 

carried out his recrystallization experiments at temperatures between 

1200 °C and 1420 °e. He obtained grains with an average size of 50 ~m. 

By introducing boron or aluminium in the material via a gaseaus phase, 

grain growth occurred with a resulting grain size of a few hundreds 

of microns. 

In our case silicon layers on aluminium coated and Sio
2
-coated single 

crystalline silicon substrates have been used. Silicon substrates were 

used because they have a thermal expansion coefficient matching that 

of the silicon layer and because they can resist high temperatures 

(up to 1380 °C). Stainless steel cannot be used because of the large 

difference in thermal expansion coeffi cient between s.steel and silicon 

and because of diffusion of iron atoms into the silicon layer. Pyrex 

glass is not suitable because it becomes soft at temperatures above 

750 °C. 

Special attention had to be paid to the conditions used for the depo

sition of silicon layers onto aluminium coated single crystalline 

silicon substrates. In a number of cases a disturbed region is obser

ved between the aluminium film and the as grown silicon layer. In this 

121 



region the colurnnar structure has vanished because of intermixing of 

the aluminium film and a part of the silicon layer. The deposition 

conditions have been chosen such that the width of this region is only 

a few microns and that this width does net increase much during 

annealing. 

Because of these interface effects and in order to investigate the 

properties of the annealed silicon layer without aluminium film, 

silicon layers have also been deposited onto Sio 2-coated silicon 

substrates. 

In this chapter the structure and the electrical properties are des

cribed of the silicon layers befere and after annealing. The silicon 

layers were deposited onto aluminium coated and Sio
2
-coated single 

crystalline silicon substrates, both with and without I wt% boren 

added to the crucible. So, in fact, 4 different types of layers as 

grown were used for the annealing experiments. The annealing was 

carried out for I hour at 750 °e, 1000 °e, 1250 °e and 1380 °e 
respectively. (N.B. the melting point of silicon is 1412 °e). 
The layers as grown were cut in a number of pieces with an area of 

8x8 mm2• At each annealing temperature 4 different pieces were annea

led at the same time. 

The annealing experiments were carried out at 750 °e, 1000 °e and 1250 
0 e respectively in a furnace with a quartz tube and at 1380 °e with an 

aluminium oxide tube. In both cases the annealing was carried out in 

an argon atmosphere. 

The structure of the layers as grown and annealed at the various 

temperatures was examined by SEM. As the structure of the silicon 

layers on aluminium coated silicon substrates shows a large difference 

compared to the structure of the silicon layers on Sio
2
-coated sub

strates, the fermer required more extensive discussion. The structure 

of the silicon layers deposited onto the aluminium coated silicon 

substrates is described in section 6.2 and the structure of the 

silicon layers deposited onto the Si0
2
-coated substrates is described 

in sectien 6.3. 

X-ray diffraction measurements (section 6.4) have been performed in 

order to cernpare the results of the recrystallization process at the 

various temperatures. The results of the electrical measurements, such 
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as Van der Pauw and spreading resistance measurements are summarized 

in section 6.5. Section 6.6 contains a number of concluding remarks. 

6.2. The siZioon Zayers on aluminium ooated siZioon substrates 

before and after anneaZing 

The silicon layers deposited onto aluminium coated single crystalline 

silicon substrates have a column-ar structure, the diameter of the 

columns is about 3 ~m at 

deposition rate of 20 ~m 

0 
a substrate temperature of 550 e and a 

min-I, campare section 4.2.2. Each of the 

columns is composed of fibrils with a diameter of about 0.3 ~m. 

The problem of droplet formation in the aluminium film on polisbed 

surfaces could be avoided by removing the top layer of the polisbed 

silicon wafer chemically (section 4.3.3). 

Another interfering effect was the appearance of a disturbed region 

between the aluminium film and the silicon layer. The nature of this 

region has been investigated by examination of a fractured edge using 

the SEM. The aluminium distribution over the thickness of the layer 

has been investigated by means of an X-ray spectrometer coupled to 

the SEM. 

It appeared that the aluminium distribution in the disturbed region 

is nearly homogeneaus (estimated aluminium concentratien 10 at%). On 

top of this region the aluminium concentration drops abruptly to a 

level below the detection limit of the spectrometer (estimated for 

aluminium 0.1 at%). 

Etching of the fractured edge showed that the structure in the 

disturbed region is very inhomogeneous: a great number of srnall 

silicon crystallites with a diameter of ~m or less are present. 

The interaction of an aluminium layer with a polycrystalline silicon 

layer has been stuclied extensively by Nakamura et al. (1975). Aceer

ding to him intermixing of a thin (I ~m) aluminium and silicon layer 

occurs in the 400-560 °e temperature range i.e. below the eutectic 

temperature of aluminium and silicon (577 °e). Two cases have to be 

distinguished: a thin and a thick aluminium layer with respect to the 

silicon layer. We deal with the first case because our aluminium layer 

is about I Wm thick, whereas the silicon layer is 50 ~m thick. Acear

ding to Nakamura in this case polycrystalline silicon dissolves into 
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the aluminium film, is transported by the aluminium film and precipi~ 

tates ~n the farm of small silicon crystallites with a size in the 

order of I ~m. This results in a net displacement of the major part 

of the aluminium layer in the direction of the polycrystalline silicon 

layer. 

In our case silicon crystallites are observed with the same size 

whereas a high aluminium concentratien is found in the whole disturbed 

region up to the interface with the polycrystalline silicon layer. 

Because we found in our case that the thickness of the disturbed 

region was proportional to the thickness of the aluminium film, in 

agreement with the experiments of Nakamura, the thickness of the 

aluminium film was reduced from 2 ~m to about 0.5 ~m. 

Ta reduce the thickness of the disturbed region further, the structure 

of the layer as grown had to be made as good as possible. This is done 

by using a high initia! substrate temperature, about 610 °e. Besides 

this a heat resistor was placed between the silicon substrate and the 

substrate holder to obtain a fast initia! temperature rise during 

growth: for this purpose we used a 2 mm thick pyrex plate. 

In this way thermal conditions are realized which are close to the 

conditions during silicon deposition on an aluminium coated pyrex 

glass substrate. These are characterized by a fast rise of the initia! 

surface t~rnperature, cernpare figure 3.1 J. 

Under these conditions silicon layers are obtained with a colurnnar 

structure, the columns have a diameter of 3 ~m. The columns are com

posed of fibrils with a diameter of about 0.3 ~m. The thickness of the 

disturbed region is about 2 ~m and does not increase very much during 

annealing. 

An exarnple of fractured edges of silicon layers deposited onto 

aluminium coated silicon substrates , as grown and after annealing for 

I hour at 750 °e, 1000 °e and 1250 °e respectively and etched by the 

Sirtl etch is presented in figure 6.1. Different pieces of a larger 

sample have been used for each annealing temperature. 

After I hour annealing at 750 °e (figure 6.1b) the colurnnar structure 

is still present. This structure has disappeared in a region just 

above the disturbed region after annealing for I hour at 1000 °e (fig

ure 6.1c). After I hour annealing at 1250 °e (figure 6.1d) the colum-
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disturbed 
region(3) 

strate(l) 

a) as grown.10 sec Sirtl etch b) 1 hour 750°C.30 sec Sirtl etch 

I) (4) (3) (I) 

c) 1 hour 1000°C.60 sec Sirtl etch d) 1 hour 1250°C.10 sec Sirtl etch 

Figure 6.1. An example of etched fractured edges of silicon layers 

deposited onto aluminium coated single crystalline 

silicon substrates (samples 31-BJ. as grown and after 

annealing 
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nar structure has disappeared over nearly the entire thickness of the 

layer. After I hour annealing at 1380 °e segregation of aluminium on 

top of the silicon layer occurred. 

lt has to be emphasized that no grain boundaries could he observed 

after etching in the Sirtl etch followed by thoroughly examinatien 

by SEM of both the top and of the fractured edge of both the silicon 

layers annealed at 1250 °e and 1380 °e. 
In order to reveal crystal faces, the silicon layers deposited onto 

an aluminium coated silicon substrate (sample 1-10) annealed at 1250 
0 e and at 1380 °e respectively, were etched in a strongly preferential 

etch: A mixture of isopropyl alcohol (13.3 wt%), KOH (23.3%) and H20 

(63.4 wt%), (Price, 1973). The etch rate of this etch on (100) silicon 

faces at 60 °e, being about 4xi0- 2 ~m min- 1, is 40 times higher than 

on (lil) faces and at 80 °e, being about 1 ~m min- 1, 10 times higher 

than on (111) faces. 

After etching of the silicon layer annealed at 1250 °e, for 1 hour at 

80 °e, the formation of pyramids is observed on the fractured edge of 

both the silicon layer and of the single crystalline silicon substrate. 

At the same time hexagonal etch "patterns" are observed on top of the 

silicon layer. 

After etching of the silicon layer annealed at 1380 °e, for 17 hours 

at 60 °e, the (100) silicon substrate was etched away completely, 

Figure 6.2. SEM photograph of one of a nwnber of crystals with a 

cubic form observed on sample 1-10, annealed for 1 

hour at 1380 °e and etched for 17 hours in the iso

propyl alcohol I KOH etch at 60 °e. 
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whereas the thickness of the silicon layer was only reduced from 40 ~m 

to 20 ~m. The low etch rate of the silicon layer with respect to the 

single crystalline silicon substrate is very remarkable. Though this 

layer, annealed at 1380 °e, as a whole is polycrystalline, as can be 

seen from the X-ray diffraction patterns (see sectien 6.4), the inter

growth between the crystallites must be very strong. The random dis

tribution of the orientation of the different crystallites explains 

also the low etch rate of the polycrystalline silicon layer as a whole. 

The average etch rate is determined by the lowest of the etch rates, 

on the (110)- and on the (111)-face. 

erystals with a cubic form, compare figure 6.2, were observed on top 

of and in the surface of the silicon layer, annealed at 1380 °e, with 

sizes up to 10 ~m. 

6.3. The siliaon layers on Si02-coated substrates befare and after 

annealing 

The layers deposited onto Si02-coated silicon substrates do not show 

any columnar structure but only a very fine fibreus structure. The 

fibrils do not extend over the entire thickness of the layer but 

seem to arise during growth of the layer. The diameter of the fibrils 

is a bout 0. I ~m. 

After annealing at 750 °e for I hour the fibreus structure can still 

be revealed by means of the Sirtl etch though the etch time has hecome 

at least 3 times longer than in the 11 as grownn case, The J;ib:rous 

structure has disappeared almest completely after J nour annealtng at 

1000 °e, whereas in the case of the silicon layers depos-itedonto 

aluminium coated substrates (sample 31~1 the major part of tne 

colurnnar structure was still visible. After I hour annealing at 1250 
0

e of the silicon layer deposited on the Sio2-coated silicon substrate 

no clear structure can be observed at all, after prolonged etching in 

the Sirtl etch. 

From these observations it can be concluded that a very fine fibreus 

structure of the silicon layer as grown is very favourable for 

obtaining a good structure after annealing. 

The silicon layers deposited onto the Sio2-coated silicon substrate 

annealed at 1250 °e and at 1380 °e, both show pyrarnid formation after 

etching for 2 hours in the isopropyl alcohol I KOH etch at 60 °e. In 
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the latter case the pyramid formation is somewhat more pronounced. The 

bases of these pyramids is about 20 ~m. 

Besides this also hexagonal etch patterns are observed with dimensions 

of 10 to 20 ~m. As there are no heavily etched grain boundaries 

visible, determination of the size of the crystallites is rather 

difficult, but they have to be at leait 20 ~m concluded from the 

dimensions of the pyramids. 

6.4. X-ray diffraction measurements 

Bragg reflection patterns, cernpare figure 6.3, have been recorded of 

the 4 types of silicon layers mentioned in the introduetion (6.1), 

befere and after annealing for I hourat 750 °e, 1000 °e, 1250 °e and 

1380 °e respectively. 

15 

14 

5 Si0111 

0 

1380°C 
12so"c 
1oofc 
asgrown 

49 48 47 45 

- Bragg angle 2El 

Si r1111 

Figure 6.3. Bragg reflection patterns of the samples 11-9: 

silicon layers deposited onto Si02-coated substrates, 

annealed at various temperatures for 1 hour. 

The samples were cut into pieces with the samearea (8•8 mm2), in 

order to cernpare the intensities of the comparable Bragg reflection 

peaks of the different samples. The intensities and the full width 
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Table 6.1. The intensity and the full width half maximum (f.w . h.m.) value of the (111)-peak of the 

silicon layers before and after annealing for 1 hour. 

sample dope dAl 
in 
c rue i-
ble 

wt% B ).Jm 

31-8 o.o 0.8 

1-10 1.0 o.s 

23-8 1.0 2.0 

10-9 0.0 n.p. 

11-9 1.0 n.p. 

n.a. not analyzed 

n.p. not present 

dsio
2 

dsi T 
ss i 

int. 
x l0 2 

).Jm ).Jm oe as g. 

n.p. 40 611 1.4 

n.p. 40 613 1.0 

n.p. 40 SS8 1.4 

0.3 40 sss 1.4 

0.2 so sss I. 2 

Bragg reileetion data 

of (111)-peak f,w,h.m. value of (I I I)-
(arb. units) peak 

7SO 1000 12SO !380°e as g . 7SO 1000 12SO 

1.7 4.S 16 20 3-4° 2-3° 1° 30 ' IS' 

1.6 4.S 9.9 21 3-4° 2-3° S2' 20' 

2.2 13 34 n.a. 3-4° 1-20 13' 9' 

2.0 4.4 20 19 40 3-4° S6' 16' 

1.4 3.7 IS 14 40 40 1°30 
I 

18' 

1380 °e 

IQ' 

10' 

n.a. 

I!' 

12' 



half maximum (f.w.h.m.) value of the (111)~peak of the layers as grown 

and after annealing are summarized in table 6.1. These intensities of 

the (111)-peak can be compared with the intensity of a coarse 400 um 

thick silicon powder layer, obtained by powdering a single crystalline 

silicon wafer (Wacker ehemitronic 2 ncm, (100)). The crystallite sizes 

in this powder ranged from 2 to 1000 um. The intensity of the (111)-
2 

peak of this powder was 31x10 arb. units and the f.w.h.m. value was 9 1 • 

In all cases a strong increase of the intensity of the Bragg reflec

tion peaks occurs by annealing for I hour at 1250 °e, whereas at the 

same time the width is strongly reduced. 

By annealing at 1380 °e for I hour silicon layers are obtained with a 

somewhat smaller (compared to 1250 °C, 1 hour) value of the f.w.h.m. 

value of the (111)-peak, about 11 1 for all the layers. The inten

sities have almost become the same (14-21xi02 arb. units). 

In the case of sample 23-8, compare table 6.1, an extremely high (111) 

peak is observed, 34xi02 arb. units. Besides this the process of 

recrystallization already starts at 1000 °e. In this case the distur

bed region in the silicon layer as grown was very wide (11 urn). After 

annealing at 1250 °e for 1 hour segregation of aluminium has taken 

place on the surface of the silicon layer. Small aluminium precipi~ 

tates have been found inside the silicon layer as well. This means 

that the aluminium concentratien is above the maximum solubility of 
0 19 .,.3 

aluminium (in single crystalline silicon at 1250 e: 2xJO cm l. 
The annealing of sample 23-8 illustrates that large amounts of alumi~ 

nium in the silicon layer enhance the process of recrystallization. 

Laue reflection photographs, campare figure 6.4, have been taken of 

the silicon layers deposited both on aluminium coated and Sio 2~ 0 
coated silicon substrates and after annealing at J250 e for J nour, 

sharp rings were observed. In fact, the ~ame information wa~ olitained 

as from the Bragg reflection patterns. 

Because of the high intensities of the Bragg reflection peaks and the 

small f.w.h.m. value of these peaks and because of the sharp rings in 

the Laue diffraction patterns it can be concluded that the layers 

have reached a high degree of crystallinity after annealing for I hour 

at 1250 °e. 
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Figure 6.4. Laue reflection pattem of sample 11-9: a 50 ~ thick 

silicon layer on an Si02-coated silicon substrate 

((100), 400 ~ thick), annealed at 1250 °C for 1 hour. 

From the ratio of the intensities of the Bragg reflection peaks and 

from the occurrence of rings in the Laue patterns it fellows that the 

layers are polycrystalline with a random orientation of crystallites. 

However, no streng grain boundaries could be revealed by chemical 

etching of both the top and the fractured edge. 

6.5. Eleotrical properties 

The resistivity of the silicon layers deposited onto the aluminium 

coated and onto the Sio
2
-coated single crystalline silicon substrates 

has been determined using spreading resistance and Van der Pauw 

measurements respectively. In both cases intentionally and not inten

tionally doped silicon layers were investigated. Doping was performed 

by adding I wt% boron to the crucible. In that case the boron concen

tratien in the layer as determined by spectro-chemical analysis is 

1.0±0.5 x 1020 cm- 3 . 

Besides this doping occurs from the aluminium film in the case of 

silicon layers deposited onto aluminium coated substrates. 
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Hot point probe measurements show that the layers as grown are weakly 

n-type and that the conductivity starts to change from n~type to p~ 

type after I hour annealing at 750 °e. All the layers are p~type after 

annealing for I hour at 1000 °e or higher. 

The results of the resistivity measurements are summarized 1n table 

6.2. 

In all cases an increase of the resistivity of the silicon layers is 

observed after I hour annealing at 750 °e. 
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As can be concluded from both our Bragg reflection data (compare 

table 6.1) and from the etch behaviour, these layers have become more 

crystalline. A reduction of the mobility after annealing seems there

fore improbable. So the increase of the resistivity after annealing 

at 750 °e, campare table 6.2, has to be attributed to a decrease of 

the free carrier concentration. 

The layers as grown show a very high resistivity because nearly all 

the free carriers are trapped due to a high trap density, as in 

amorphous material. This means that the layers are nearly intrinsic. 

In the case of amorphous silicon this is n-type. 

By annealing the number of traps decreases and the layer becomes p

type. Because the conductivity type changes from n-type to p-type, 

the Fermi level shifts from the conduction band side of the forbidden 

gap to near the valenee band. Therefore the resistivity has become 

higher after an annealing at 750 °e, being the temperature at which 

the change from n-type to p-type is observed and drops after a high 

temperature annealing ( > 1000 °e). After high temperature annealing 

still a great number of carriers will be trapped at the grain 

boundaries. 

Due to the aluminium film being present in the case of sample 31-8 

and 1-10, campare table 6.2, we had to use the spreading resistance 

methad for the determination of the resistivity of these layers. It 

turned out that only resistivities > I Qcm can be determined in this 

way due to film resistance effects at the interface between the 

needle and the semiconductor. Therefore in a number of cases only 

an upper limit for the resistivity could be given. 

There is a remarkable difference in resistivity of the doped and of 

the undoped silicon layer deposited on Sio 2-coated silicon substra

tes after annealing, campare table 6.2. The resistivity of the doped 
-3 

layer (sample 11-9) has become 6 Qcm and 6xl0 Qcm respectively 

after hour annealing at 1000 °e and 1250 °e, whereas the resisti

vity of the undoped silicon layers has become very high, 4xl0
4 

Qcm 

and 105 Qcm respectively. The latter values are very close to the 

resistivity of intrinsic single crystalline silicon, being about 10
5 

Qcm. 
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-3 5 The remarkable difference of the resistivity (6xiO ~cm and 10 ~ 

cm) of the dopedandof the undoped layer after annealing at 1250 

°C shows that doping by co-evaporation followed by high temperature 

annealing is very effective. 

The doping level of the 6 ~cm baron doped silicon layer (sample I 1-9) 

annealed at 1000 °C for hour could be determined by means of an CV-

h . . l l . 2 0 17 - 3 . . l f measurement. T LS dopLng eve LS xl cm . UsLng thLS va ue or 

the free carrier concentration and the resistivity (6 ~cm), an esti

mate can be made for the mobility: 5 cm2v-ls-l. Bath the free carrier 

concentration and the mobility have increased with respect to the 
16 -3 2 -I -1 

layers as grown,being 4•10 cm and about 0.5 cm V s respectively. 

The doping level 

11-9 annealed at 

-3 
of the 6xiO ~cm baron doped silicon layer (sample 

1250 °C) could not be determined by means of a CV-

measurement due to the low resistivity. Therefore an estimate for 

the minimum value of the mobility of this sample is made assuming 

that the free carrier concentration is equal to the baron concentra-
. . 020 -3 . . . . l f tLon, beLng about I cm In thLs way we fLnd a mLnLmum va ue o 

2 I -I 2 -I -1 
10 cm V- s which has to be compared with ~ value of 50 cm V s 

of single crys talline silicon with a baron concentration of 10
20 

-3 
cm (Sze, 

10 19 cm-3 
1969, mobility versus doping level, extrapolated from 

20 -3 
to I 0 cm ) . 

Because of the high doping concentration in our layer, the poten

rial harriers at the grain boundaries are possibly very low. 

G.G. Concluding r emarks 

I. Annealing for I hourat 1250 °C impraves strongly the structure 

and the electrical properties of the silicon layers. 

2. The Bragg diffraction patterns of the layers annealed at 1250 °C 

show very sharp peaks whereas the Laue diffraction patterns show 

sharp rings. Bath these patterns prove that the silicon layers 

have reached a high degree of crystallinity, but they a re still 

polycrystalline. After preferenrial etching silicon crystallites 

with a cubic farm and etch pyramids can be observed. 
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3. No grain boundaries could be revealed after chemical etching in 

the Sirtl etch and thoroughly examination by SEM. This means 

that the intergrowth between the "individual" crystallites has to 

be very strong. 

4. The silicon layers deposited onto Sio
2
-coated substrates seem 

to be more suitable for annealing than the silicon layers deposi

ted onto aluminium coated substrates. This is because of the fine 

fibrous structure of the as grown silicon layers on the Sio2-

coated substrates compared with the colurnnar structure on alumi

nium coated substrates. 

Besides this a strong diffusion of aluminium occurs into the 

deposited silicon layer. 

5. Baron doping by co-evaporation followed by annealing in the case 

of silicon layers deposited onto Sio 2-coated substrates is very 
-2 5 

effective (JO ncm versus 10 ncm for the doped and the undoped 

layer respectively). 

The amount of baron (I wt% in the crucible) is far too high for 

practical applications because of the resulting high doping level 
. . . ( 020 -3) . .f. 
~n the s~l~con layer I cm . In order to carry out s~gn~ ~-

cant minority carrier lifetime measurements, the doping level has 

to be lowered first. 
. 17 18 -3 

It is expected that the required dop~ng level, 10 -10 cm 

can be obtained by reducing the amount of baron in the crucible. 

A recent experiment shows . that silicon layers with a resistivity 
-3 

of about 0.2 ncm (to campare with 6•10 ncm at 1 wt% baron in the 

crucible) deposited on Sio 2-coated substrates and annealed at 1250 

°C for 1 hourcan be obtained by adding 0.1 wt% baron to the 

crucible. 
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CHAPTER 7 

DISCUSSION AND CONCLUDING REMARKS 

7.1. Disaussion 

Electron beam evaporation is a convenient vacuum evaporation process 

for obtaining thick silicon layers (50 ~m) at high deposition rates 
-I 

(20-50 ~m min ). 

In most of the conventional systems, the crucible is water caoled and 

most of the supplied electron beam power is lost via the cooling water. 

For this reason high electron beam powers (IO' kW or even more) are 

required, though the deposition rates are very limited (<5 ~m min- 1) . 
. -1 

In our system a deposition rate of 50 ~m mLn can he achieved at a 

beam power of 1.4 kW, as we do not apply water cooling of the crucible . 

. -1 
To obtain deposition rates of 20-50 ~m mLn , souree temperatures of 

1850 - 1900 °C are required resulting in a silicon vapour pressure of 

0.1- I torr. Because of this high- vapour pressure, special screening 

measures had to be taken in order to avoid temporarily electrical 

break down in the gun and to minimize wagging of the electron beam 

over the surface of the crucible. These two phenomena give rise to 

fluctuations in the deposition rate and therefore to the appearence 

of constrictions (see section 4.3.4.2) and striations (see section 

4.3.4. 1), in the fibrils of the silicon layers. 

Because in our system the pumping channel is far below the e~gun, 

campare figure 2.2, the silicon vapour pressure just in front of the 

e-gun near the hole in the box is rather high; this sametimes leads 

to electrical break down in the gun. 

In an improved system there have to be two chambers connected via a 

small hole (diameter 5-7 mm) for the electron beam. The e~gun has to 

be placed in one chamber and the crucible and the substrata holder 

in the other one. These two chambers have to he pumped differentially 
~ . ~3 

in order to rnaintain a low pressure near the gun (JO ~ 10 torr) 
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whereas the pressure just above the crucible can be high (l torr). 

In order to avoid uncontrolled wagging of the electron beam, this beam 

has to be scanned in a controlled way over the surface of the crucible. 

Both the technique of differential pumping and the scanning technique 

are used in modern high power electron beam deposition systems for 

vacuum deposition of metals and dielectrics onto large areas. 

The method of computing the surface temperature of the growing silicon 

layer by means of an Re-network model (chapter 3) proved to be very 

succesfull. Especially because in a simple way much physical insight 

has been obtained on the influence of the thermal properties of 

various substrate materials and of the deposition parameters on the 

dynamica! heat balance. 

The Re- network simulation experirnents demonstrate that in all practi

cal cases the increase of the surface temperature is limited to maxi

mal 40 °e at an initial surface temperature between 500 °e and 620 °e. 

This knowledge is very important for understanding the properties of 

the silicon layers as grown. 

The silicon layers as grown onto aluminium coated 

substrates at temperatures between 500 °e and 620 °e and deposition 

rates of about 20 ~rn min-l consist of small diameter fibrils 

(0 . 3 ~m) and possess a high stacking fault density. These layers 

are not suitable for solar cell applications due to their poor 

electrical properties. 

Basicly there are two ways for improving the silicon layers: 

I. By changing the deposition parameters drastically (e.g. a rnuch 

higher substrate temperature during growth), such that directly 

silicon layers are obtained with good electrical properties. 

2. Deposition of the silicon layers foliowed by a high temperature 

annealing step. Several experirnents related to this approach are 

described in chapter 6. 

If silicon layers as deposited have to show good electrical properties, 

the following requirements can be set based on the analysis of the 

nucleation and growth properties (see chapter 4): 
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I. A liquid ' film seems to be necessary to obtain nucleation on a 

foreign substrate or on non-single crystalline silicon and to 

obtain a sufficiently large lateral growth rate of the nuclei. 

2. The number of fertile nuclei has to be reduced to get sufficiently 

large crystallites (>50 ~m). This means that the initial deposi

tion rate has to be sufficiently low (Venables, section 4.4.1), 

probably I ~m min-I or even less depending on the substrate 

temperature. 

3. The substrate temperature has to be high enough (>1000 °C) in 

order to obtain epitaxial growth onto the nuclei (Unvala, section 

1.3.2) at a moderate deposition rate (1-5 ~m min- 1). A higher 

deposition rate might be favourable, because possibly reeonstruc

tien of the silicon surface can be avoided during growth. 

Aluminium is not suitable as a liquid film because of droplet forma

tion and because of oxidation at high temperatures. Tin seems to be 

more appropriate, but special attention has to be paid to the preven

tion of droplet formation. 

Bloem et al. (1979) use tin as an interfacial layer in the CVDOLL 

process (compare section 1.3.1) and are able to prevent droplet 

formation by reducing the surface tension of the liquid tin layer 

by introducing three pulses of 0.75% SiHCl
3 

from the gas phase. 

In our case the droplet formation can probably be avoided by dis

solving silicon into the tin layer by deposition of a sandwich 

structure containing thin tin and silicon layers, followed by 

annealing befare deposition of the thick silicon layer. A number 

of experiments have to be carried out to determine the requirements 

precisely. 

In the case of vacuum deposition, basicly it is rather difficult to 

control the number of nuclei. It can be done much easier in the CVD 

and in the CVDOLL process (compare section 1.3.1), where HCl can be 

added to the gas phase to reduce the number of nuclei. 

Because of the problem of droplet formation in a liquid film and the 

difficulties which are to be expected in cantrolling the number of 

nuclei, this way for obtaining silicon layers with good electrical 

properties by vacuum evaporation, seems to be a very difficult one. 
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Therefore the approach of vacuurn deposition at a low substrate 

temperature (500- 600 °e) followed by a high temperature (~1250 °e) 
annealing step seems to be more attractive. In this approach the 

required deposition conditions are easier to realize. A few cases 

have to be distinguished: silicon deposition onto an aluminium coated 

substrate, silicon deposition onto an Sio
2
-coated substrate and sili

con deposition onto an uncoated substrate. 

In the case of aluminium coated substrates, the initial substrate 

temperature has to be between 600 °e and 640 °e whereas the initial 
-I 

deposition rate has to be as high as possible (>20 ~m min ). These 

conditions are required for obtaining silicon layers which can be 

annealed without extensive aluminium diffusion followed by dissol

ving and crystallization effects. 

An annealing temperature of at least 1250 °e is required for the 

recrystallization, because of the coarse colurnnar structure of these 

layers as grown. At 1250 °e heavy doping of the silicon layer by 

aluminium becomes a serieus problern, whereas at higher temperatures 

segregation of aluminium on top of the silicon layer is observed . 

Silicon deposition onto Sio
2
-coated substrates seerns to be the more 

attractive approach . The very fine fibreus structure (with a diameter 

of the fibrilsofabout 0.1 ~rn) provided the appropriate starting 

conditions for obtaining a high degree of crystallinity after annea

ling at 1250 °e. Such a fibreus structure can be. obtained at an ini

tial substrate temperature of about 550 °e and a deposition rate of 

20 ~m min-I, campare sectien 6.2. 

Very sharp Bragg reflection peaks and sharp rings ~n the Laue 

diffraction patterns are obtained after I hour annealing at 1250 °e, 
indicating a high degree of crystallinity. Though these layers are 

still polycrystalline, no grain boundaries could be revealed. 

lt is expected that doping of these layers can be controlled suffi

ciently by adjusting the amount of baron in the crucible . With 

respect to this a number of additional experiments have to be carried 

out. Besides this the influence of the doping level in the silicon 

layer on the electrical properties (resistivity and minority carrier 

lifetime) and on the annealing process have to be studied. 
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The presence of an Sio2-film between the silicon substrate and the 

silicon layer in the solar cell is undesirable because of electrical 

insulation. However, direct deposition of the silicon layer onto an 

uncoated substrate seems to be appropriate because it appears that 

the fibreus structure does nat arise directly at the Si02-interface 

but during growth. Almast all the advantages of the deposition onto 

Sio2-coated substrates remain in force. Only for the determination 

of some specific electrical properties (such as resistivity and Hall 

effect by Van der Pauw measurements and minority carrier lifetime) 

the presence of the insulating Si0
2
-layer is favourable. 

The choice of the substrate material for a thin film solar cell is 

very important. In this work stainless steel, pyrex glass and single 

crystalline silicon have been used. 

Stainless steel is nat suitable because of its high thermal expansion 

coefficient (IO-J5xl0-6) with respect to silicon (3-4xt0-6) and 

because of expected iron diffusion into the silicon layer at high 

annealing temperatures (1250 °e). Pyrex glass is not suitable 

because it becomes soft at temperatures above 750 °e. 
Sintered silicon substrates seem to be very appropriate because they 

are inexpensive, because they have the same thermal expansion 

coefficient as the silicon layer and because they can resist high 

temperatures. Special attention has to be paid to the diffusion of 

impurities (such as iron) from the substrate into the silicon layer. 

Besides this the sintered silicon substrate must have a sufficiently 

high surface density. 

The most proruising way for obtaining cheap large area solar cells 

produced by vacuum evaporation seems therefore to be electron beam 

deposition of a silicon layer onto a tin or an uncoated sintered 

silicon substrate followed by a high temperature annealing step. 

Because no grain boundaries could be revealed in the layers deposited 

onto Sio
2
-coated silicon substrates annealed at 1250 °e for I hour, 

grain boundary diffusion may nat be a serious problem. So both a 

pn-junction and an MIS-structure may be used as a harrier. 
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7.2. Concluding remarks 

I. Thick (>50 ~m) silicon layers can he obtained at high deposition 
-I 

rates (20-50 ~m min ) by means of electron beam evaporation. 

2. The silicon layers as grown on aluminium coated and on Sio
2

-

coated substrates at substrate temperatures between 500 °e and 
0 -1 

620 e and at deposition rates between 2 and 35 ~m min are 

not suitable for solar cell applications because of their poor 

electrical properties. 

3. A strong impravement of both the structure and of the electrical 

properties of these silicon layers is obtained after I hour 

annealing at 1250 °e. 

4. An Si02-coating on the (silicon) substrate seems to he more 

favourable than an aluminium coating because heavy doping 

occurs from the aluminium film at 1250 °e. 

5. The optimum time and temperature for the annealing of the silicon 

layer deposited onto the Sio 2-coated silicon substrate has to 

he determined. 

6. It is expected that the boron doping of the silicon layers can he 

controlled by adjusting the amount of boron in the crucible. This 

is confirmed by some preliminary experiments. 

The influence of the doping level in the silicon layer, especially 

on the electrical properties, has to be studied. 

7. (Sintered) silicon substrates are preferred for thin film silicon 

solar cells, because of the better thermal match with the silicon 

layer. 
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SUMMARY 

In this thesis the growth conditions and properties are described of 

vacuum deposited silicon layers for solar cell applications. These 

layers, typically 50 ~m thick, have been deposited by electron beam 

evaparatien onto aluminium coated substrates at a deposition rate of 
-I o 

20-50 ~m min , at a substrate temperature of about 550 e. The 

aluminium film has been used to obtain nucleation at this relatively 

low temperature (Process of P.H. Fang). 

Simulation experiments show that the temperature rise of the silicon 

layer during growth is at most 40 K. 

The nucleation and growth of these layers have been investigated. The 

layers possess a colurnnar structure, the diameter of the columns is 

about 3 ~m. The columns are composed of fibrils with a diameter of 

about 0.3 ~m. 

The electrical properties of the layers as grown, have been studied. 

D h h . h ' . . (103 ) h 1 b'l' (O.·S cm2V-I ue to t e Lg resLstLvLty Ocm , t e ow mo L Lty 

s- 1) and the short minority carrier lifetime (about 0.3 ~s) these 

layers are not suitable for solar cell applications. 

Therefore high temperature annealing experiments have been carried 

out with silicon layers deposited onto aluminium èoated and Si0
2
-

coated substrates. Annealing at 1250 °e for I hour improved both 

the crystallinity and the electrical properties remarkably. The 

Bragg reflection peaks narrowed from 3° to IS'. 

Aluminium appeared not to be suitable as an interfacial layer due to 

strong aluminium diffusion into the silicon layer during annealing. 

After annealing at 1250 °e for I hour, the resistivity of the boren 

doped silicon layer deposited onto an Sio
2
-coated substrate (I wt% 

3 -3 boron added to the crucible) dropped from about 10 Ocm to 6 , 10 
2 -I -I 

Ocm and the mobility increased from 0.5 cm V s to at least 10 

cm2V-Is-I, Due to flash evaporation the amount of boron, I wt% in 

the crucible, is far to high for practical applications. It is to be 
17 18 -3 expected that the required doping level, 10 - 10 cm , can be 

obtained by a proper reduction of the amount of boron in the crucible. 

Vacuum deposition of silicon fellewed by high temperature annealing 

can be an attractive approach for the production of thin films for 

solar cell applications provided the mobility can be increased further 

and the minority carrier lifetime reaches an appropriate value. 
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SAMENVATTING 

In dit proefschrift worden de groeiconditie's en de eigenschappen 

beschreven van opgedampte silicium lagen voor toepassing in zonne

cellen. Deze lagen, die een dikte van 50 urn hebben, worden verkregen 

met behulp van het elektronenstraal verdampings_proces, de gebruikte 
-I 

depositiesnelheid ligt tussen 20 en 50 urn min • De substraattempe-

ratuur is ongeveer 550 °e en de substraten zijn voorzien van een 

dunne aluminium laag. De aluminium laag wordt gebruikt om kiemvorming 

te verkrijgen bij deze relatief lage substraattemperatuur (Het proces 

van P.H. Fang). 

Simulatie experimenten tonen aan dat de temperatuur stijging van de 

silicium laag maximaal 40 K bedraagt tijdens de groei. 

De kiemvorming en de groei van deze lagen is onderzocht. De lagen 

vertonen een kolomstructuur, de diameter van de kolommen is ongeveer 

3 um. De kolommen zijn samengesteld uit fibrillen met een diameter 

van ongeveer 0,3 urn. 

De elektrische eigenschappen van de lagen, zoals deze gegroeid zijn, 

ZlJn bestudeerd. Vanwege de hoge soortelijke weerstand (1000 ncm), de 

lage beweeglijkheid (0,5 cm2v-Is- 1) en de korte levensduur van de 

minderheden (ongeveer 0,3 us) zijn deze lagen niet geschikt voor 

toepassing in zonnecellen. 

Daarom zijn tempering experimenten bij hoge temperaturen uitgevoerd 

met silicium lagen op substraten die respectiev~lijk voorzien zijn 

van een aluminium laag en een Sio
2 

laag. Zowel de kristallijniteit als 

de elektrische eigenschappen verbeteren aanzienlijk na een tempering 

bij 1250 °e gedurende I uur. De halfwaarde breedte van de Bragg 

reflectie pieken neemt af van 3° tot 15'. 

Aluminium bleek niet geschikt te zijn als tussenlaag vanwege de sterke 

diffusie van aluminium in de silicium laag tijdens de tempering. 

Na een tempering bij 1250 °C gedurende 1 uur daalde de soortelijke 

weerstand van de met borium gedoteerde silicium laag op een met Sio
2 

bedekt substraat (1 gew% borium toegevoegd aan de kroes) van ongeveer 
3 -3 2 -I 

10 ncm tot 6 . 10 ncm en de beweeglijkheid nam toe van 0,5 cm V 

s-I tot meer dan 10 cm2V-Is-I Vanwege "flash" verdamping is de 

hoeveelheid borium, I gew% in de kroes, veel te hoog voor praktische 

toepassingen. Het is te verwachten dat de vereiste dope concentratie, 

10
17

- 10
18 

cm-3 , kan worden verkregen door een geschikte vermindering 
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van de hoeveelheid borium in de kroes. 

Het opdampen van silicium gevolgd door tempering bij hoge temperatuur 

kan een aantrekkelijke weg zijn voor de productie van dunne lagen 

voor toepassing in zonnecellen als de beweeglijkheid verder verhoogd 

kan worden en de levensduur van de minderheden een geschikte waarde 

bereikt. 
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STELLINGEN 

behorende bij het proefschrift van R.J.C. van Zolingen 

I 

Teneinde de energie efficiency in elektronenstraal verdampings

installatie's té verhogen is het gewenst om water koeling van de 

kroes, zoals door Unvala is toegepast, te vermijden. 

B.A. Unvala and G.R. Booker, Phil. Mag. 9 (1964) 691. 

Dit proefschrift, hoofdstuk 2. 

II 

Ter vervaardiging van zonnecellen is aluminium ongeschikt als coating 

van het substraat waarop de silicium laag door vacuumdepositie wordt 

aangebracht. 

P.H. Fang, L. Ephrath and W.ls. Nowak, Appl. Phys. Lett. 25 

(1974) 583. 

S.K. Dey, A.E. Delahoy and W.A. Anderson, J. Vac. Sci.Technol. 

IS (1978) 1739. 

III 

Tegen de Joor Dey et al. gegeven analyse van de stationaire warmte

balans bij het opdampen van siliciumlagen zijn ernstige bedenkingen 

aan te voeren. 

S.K. Dey, A.E. Delahoy and W.A. Anderson, J. Vac. Sci.Technol • 

.!2. (1978) 1739. 

Dit proefschrift, hoofdstuk I en 3. 

IV 

De soortelijke weerstand van dunne polykristallijne silicium lagen op 

geleidende substraten kan goed gemeten worden met de 2-punts cylinder 

weerstands-methode bij hoge frequenties. 

Dit proefschrift, hoofdstuk 5. 

V 

De analyse van de gemeten optische absorpti.eco'è.fficië.nt yan. de meng

kristallen GaS Se
1 

voor Ê J.. c-as geeft een. bevestiging va.n. het 
x -x 

bestaan van een extra geleidingsband en een extra valentieband. Deze 

banden liggen, afhankelijk van de mengverhouding x, respectievelijk 

0,2 tot C,L; eV boYcn de l<a.gste geleièingsba!'.d en 0, I tot 0,2 eV 

or~~r de ~~ngst~ val~ntieband. 

Y. SchlÜ ~er, The. Elcctronic Structure üf 'J&3ë., l'.. 1'<uc.~1o CL-nento 

1313 (1973) 313. 



VI 

Door het niet-lineair gedrag van ons gehoor (het veroorzaakt harmo

nische vervorming) zijn wij in staat om naast het eigenlijke signaal 

ook de omhullende waar te nemen. Dit niet-lineaire gedrag is echter 

tot op heden niet in het concept van de huidige audio-systemen 

verwerkt, waardoor deze systemen niet in staat zijn om een natuur

getrouwe weergave te bewerkstelligen. 

VII 

Bij het examen voor het verkrijgen van een zendmachtiging voor de 

hoogfrequente amateurbanden (A-machtiging) is de eis om een morse

schrift met 12 woorden per minuut te kunnen seinen en opnemen door 

de ontwikkeling van de techniek achterhaald. In plaats hiervan zou 

men een groter inzicht van de kandidaat moeten eisen in de propagatie

eigenschappen in deze banden. 

De telegraaf en telefoonwet van 1904. 

VIII 

Om tot energiebesparing te komen dienen als vervanging voor thermische 

processen meer electro-c.hemische processen ontwikkeld te worden omdat 

daarbij de energie selectief aan de reagerende componenten kan worden 

toegevoerd. 

IX 

Voor het bestuderen van de nederlandse kerkgeschiedenis in de 17e en 

18e eeuw is het raadplegen van kerkelijke bronnen ongeschikt. 
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