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GENERAL INTRODUCTION 

In 1986, the reoearch which is reported in this thesis was initiated as part Df the 

"hlOovatid Ondeizoeks Project - Integrated Circuit" (IOP-IC) program, to 

stlmulat~ the IC--te,hnology in the Netherlands, Most of the research wa~ strongly 

device oriented, but also some fundamental issues were given attention. 

One of th~se fundamental issues was the undNstanding of the interaction 

between plasma and surface in processes like plasma enhanced deposition Or etching, 

During the etChing Or deposition p('ocess, many different fluxes of electrons, photons, 

atomic and molecular iOlls and radicals interact with the surface. Particles stick to 

the surface and sometimes desorb again. Chemical processes ta.ke place at the sulface 

or just <1bove it. Catalytic and synergistic effects occur. The question remaillS which 

kind of particles and fJu:\es (lre re~pongible for which part of the etching Or deposition 

processes, This question is the subject of a l?art of the aforementioned IOP-IC 

progr(lm. 

A t the Eindhoven UniverSity of Technology (EUT), two groups take part iil 

this section of the IOP-Ie program. The group "Atomic and Optical Interactions" 

(AOW) is focusing On the details of the intera-ctions of different kinds of particles 

with (l surbce.\ The process under in'lestigOl-tion is the etching of silicon with CF4 and 

XeF 2' In an ultra high vacuum system, beams of electrons, neutrals, iOnized 

fragments and radicals are directed towards a silicon surface, The emitted particles 

arc studied with mass spectrometry. Thermal desorption spectroscopy is used to 

study the composition of the reaction layer on the silicon surface. 

The group "Plasma Physics" has performed extensive research on the 

intcr(lction of a plasma with a surf(lce, Until recently, the emphasis has been on fast 

deposition of carbon ba.sed thin fHms. The deposition is carried out with an argoll ~.rc 
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plasma expanding into a vacuum system, introducing the donor gases (hydrocatbons 

of various hydrogen/carbon ratios) into the arc or the initial part of the expansion. 2 

The principle of thiS techniQue is the spatial separation of production of ions and 

radicals On One hand, from the depOSition at the surface On the other hand. Transport 

of the creMed reactive particles is done by a superSOnically expanding plasma beam, 

which travels the distance between the )0(;atiO);l8 of production and deposition i);l 

milliseconds. In tltis way, the reactive ps.rticles are brought by flow to the surface 

rather than by diffusion. 

Various kinds of carbon films have been depOSited, ranging from diamond 

crystals,l graphite films 4 to polymer like mms. s In the frame work of a FOM/STW 

("Stichting Fundamental onderzoek der MMerje")/("Stichting TeChnische 

WetensChappen") project, a new experimental faeillty for the deposition of siHcon 

films hsed on the carbon experiment has been completed recently_ The JOP~IC 

program also participates in this joint EUT /FOMjSTW effort" 

In this study, two deposition experiments have been performed, one on carbOn 

based films and the other On silicon thin !ilms. The first experiment invoh>ed the 

photon enllanced vapor deposition of carbon based thin films from tOluene, and of 

silicon hsed thin films from SiH4. The purpose of this experiment is the investigation 

of the influence of ions and radicals On the deposition process. 

In OTder to be able to distinguish between the effects on the depOSition process 

of ions and radicals, a photon source with a high illtensity is needed. The vacuum 

ultraviolet (VUV; 100-200 nm) photons ha.ve sufficient energy to ionize atoms or 

dissociate more effectively, whereas the ultraviolet (UV; 200---350 nm) photons can 

only dissociate and excite the gases. 

The second experiment involves the deposition of thin films of hydrogenated 

amorphous siliCOn (a~Si:H) with a supersonically expanding plasma. Similar to the 
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carbon experiments, the donor ga-s (sUa-ne) is injected into the expanding 

argon/hydrogen plasma where the plasma enters the vacuum system. The mixture of 

ions, radicals and elect;:oM is then tra.nsported towa.rds the substrate with a speed of 

approximately 1000 m/s by the supersonic pla.sma. beam. 

The characterization of the photon source in terms of emitted radiation is the 

main part of this thesis. The light source is based on a design of a wall stabilized arc 

originally developed by Maecker. 6 Three chapters are devoted to various aspects of 

this light source. The first chapter (chapter 2) presents the const(ucliOIl of the source 

ill detail, The following two eha-pters dea-l with the ra.dh.tion of this source in the 

visible region from 250 to 800 nm and in the VUV region from 130 to 200 nm. The 

optical emission has been in\'estigated as a function of pressure and temperature and 

is compared with predictions based on the emission theory of noble gases. 7 In the 

VUV also the enhallcement of the radiation which may be achieved by adding dopant 

gases has been part or the resea.rch. 

After development and characterization, the light SOurCe has been used in 

various experiments, Two different wa-:ys to employ the arc ha.ve been studied, First, 

the use as a light source of high intensity and broad spectral range in the photon 

enhanced chemical vapot deposition (CVD) process of carbon and silicon based thin 

films is considered. By applying different spectral filters, the transmitted spectral 

range which is allowed to hit the surface can be selected. 

The second use of the arc is the use of this light source in infr;ued (IR) 

spectroscopic ellipsometry. The high brightness of this source gives an improvement 

of the signal to noise ratio of at least a factor of 20 as compared to the normal light 

source used in the lR: the Globar. The spectroscopic ellipsometer gives information 

about thickness, complex refractive index and molecular absorption bands of thin 

films. A description of this ellipsometer is gi\'en in chapter S. With this 
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ellipsometer, the thin films as produced with the va.rious deposition experiments have 

been anaJy'led_ 

In chapter 6 the results of the photon enhanced OVD of carbon thin films are 

presented. 

Chapter 7 is devoted to the thin films of silicon produced by the expanding arc 

plasma. The emphasis is put on the analySiS of the physical parameters (thickness, 

complex refractive index and molecular absorptions) by fR spectroscopic 

ellipsometry. Additional analysis of the films with a scanning electron microscope 

(SEM) and IR transmission spectroscopy confirm the results of the ellipsometer. 
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ABSTRACT 

We have detewlined the characteristic quantities (the electron 

temperature and the electron density) of an argon plasma in a cascade Me 

(diameter 2 and 4 mm) for a pressme range from ldO~ to 8-10 5 Pa and a 

curr.;nt range from 20 to 70 ampe(e. The absolute continuum intensity was 

also determined in the wavelength region Itom 250 nm to 320 nm and 380 

nrn up to 800 urn for the pressure range of 2, '1 and 6- l as l?a ",nd 20, 40 and 

60 A in case of the 2 mm arc. The plasma is dose to local thermal equili

brium (LTE). Using the mentioned quantities, prediction of the absolute 

intensity as a function of the wavelength is possibl~ from 140 nm to the 

infrared within 10%. The use of the arc as a light SOurCe in photon induced 

chemical vapor deposition, spectroscopic ellipsometry and infra-red 

absorption spectros copy is discussed. 
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INTRODUCTION 

Continuum light sources that cover a large spectral range are applied in several 

analytical techniques. Depending on the nature of the technique the range of interest 

may COver the UV, visible Or IR part of the spectrum. In the following we will focus 

on spectroscopic ellipsometry, IR absorption spectroscopy and photon induced 

chemical vapor deposition, 

Spectroscopic ellipsometers that operate in the UV -visible range usually apply 

a xenon short arc as a light source. This kind of high preSSure enveloped arC has a 

number of features that inhibit its flexible use, The light that is emitted is slightly 

polarized by the curved quartz envelope. Therefore the dispersive element (usually a 

monochromator) has to be placed directly after the light source. The alignment is 

difficult and the complete system has to be operated in the dark. Furthermore, a 

complex optical system is needed to achieve an intense light beam with a Small 

aperture, as is necessary for ellipsometry. In the near infrared wavelength (from 2 to 

5 micron) region a Globar is used as the light source (Benferhat et at 1988). The 

wavelength limit of 5 lllicron is due to the relative low intensity of the Globa~ in the 

infrared. 

A cascade arc does not have these disadvantages. Since the light exits through 

flat windows nO polarization OccurS. Furthermore other materials than quartz (e.g. 

LiF, BaF., MgF2 etc) can be used as a window in order to expand the spectral range. 

The aperture of the light beam is small (50 mrad), but the intensity within this small 

aperture is very large as will be shown below. Because of the large length of the 

plasma (1.0 to 60 mm) the sensitivity of the ellipsometer to defocusing effects 

(dispersion of the material of the several elements of the optical system) reduces 

substantially. Furthermore the alignment of the ellipsometer can be dOne eaSily by 
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directing a He-Ne la~er beam through the plasma channel of the axially symmetric 

arC. We ha.ve implemented a.t our department the cascade arc in a spectroscopic 

ellipsometer covering the wa.velength region from 200 to 650 nm a.nd from 2.5 to 8.5 

micron (K\oesen et 411.9(0). 

Fat lR absotption SpcctIOSCOPY, U$ing for instance a Fourier \ran,form iIlfrared 

spectrometer (FTIRS). usually a Globar soutee is u~ed lj.~ the infrared source. The 

radiating area of the Globar is rather large (sev~ra.l square ern's) and its temperature 

is relatively low (1600 K), The FTIRS pre5ent at Our department used this Globar, 

With a FTIRS it is necessary to have a small diameter of the light source to aGhieve 

high spectral resolution (large beam divergence and possible aberrations in the 

projection have their effect On the aJ;lparatus proflJe). With a cascade arc plasma of 

13500 K and 2.5.10s Pa, an increase in bcightness by at least a factor 20-200 

dCPC1\dil\g 01\ the wavclc!\gth has been achieved. This implies an increase of the 

oignal-to-ncise ratio with the same facto,. The small diameter of the plasma channel 

(2 mm) a.nd the small aperture enable also a better spatial resolution (Haverlag et al 

1989). 

The use of the cascade arc in photon induced CVD gives more understanding of 

the basic reactions which are responsible in the deposition process. Ultraviolet 

radiation of the arc ionizes atomS or molecules. The visible and infrared radiation can 

create radicals, By blocking the UV J;adiation the ion. concentration is diminished and 

the effect of the radicals on the deposition proce~s can be in.vestigated 

To optimize the emissivity of the arc plasma in a certain wavelength region One 

has to know the characteristics of the cascade arc (e.g. the relation between the 

external parameters such as current and pressure VS. electron density and electron 

temperature). 

In this papel; we will focus our attention on the properties of the arc. Also some 
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remarks will be given concerning the use of this aJ:C for the mentioned spectroscopic 

techniques. The determination of the characteristic quantities from the a.bsolute 

continuum is described in detail in a separate paper concerning the continuum 

emissivity of this arC plasma (Wilbers et al 1990a}. A$ is ~hown in that paper, it is 

sufficient to determine the electron temperature and the electron density from the 

absolute continuum at 400 nm. These quantities can then be used to calculate the 

emissivity in the other wavelengths regionS. We have checked this procedure in the 

paper mentioned above_ Therefore we calcuhted the electron denSity from the 

absolute continuum at three well documented wavelengths (two experimental values 

of the Biberman factor: meMurements done with two-wavelength interferometry and 

the source method, Rosado et al 1979 at 696_5 nm , Timmermans 1990 and 

Timmermans et al 1982 at 468.8 nm and one theoretical; Hofsaess 1978). It showed 

that these values of the electron densitie~ weJ;e the same within 5%. 

In ~ection Z we will discuss briefly the emiSSivity theQJ;y of a thermal arc 

plasma. Section 3 treats the cascade arc in detail. In sectiOn 4 the resu.lts and 

conclusions will be given about the use of the cascade arc in general and particularly 

in the mentioned spectroscopic techniques. 
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THE CONTINUUM EMISSIVITY OF A THERMAL ARC PLASMA 

Theuna,l phsmM in the density and temperature ~ange of our experiments are 

well desctibed by theory. Quantities such as electron density, electron temperatufe 

and line or continuum emissivity can be calculated with high accuracy-

At high de¢tron densities (> 1022 m-3) aud electron temperatures (> 10000 K) 

the llnc emissivity which is mainly present at wavelengths above 700 mIl has no 

significant contribution to the tOlal emitted intensity. At higher pressures this 

contribution further deCreases. Our cascade al;C discharge has an electron temperahrr:e 

of approximately 13500 K and electron densities of a few timeS 10 23 m"3. Therefore, 

we will concentrate on the continuum emisSivity. 

The denSity of doubly ionized atoms is negligible at the mentioned conditions. 

The contribution of electron-neutral interaction to the free-free emissivity is also 

very small (at high pressures the contribution of this interaction becomes increasingly 

impOrtant, a.t 30 _10 5 Pa and moderate temperatures the contribution can rise \0 

50%; the amount of this contribution should then be a.ccounted for). So the 

continuum radiation originating from the interactlol\ between Singly ionized atoms 

(l.nd elect rOllS is dominant in the observed temperatme, wavelength and density 

range 

The continuum emissivity of the discharge in the mentioned range of 

temperature and densities is governed by the following expressions (Cabannes and 

Chapelle 1971); 

< = E + ld 
>. f'o ff ' 

(1) 

where; 
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(2) 

and 

(3) 

In these expressions the symbols represent the following: eel __ free-free emissivity 
fr 

caused by electron-ion interaction, t"fb :=; free-bound emissivity, A = wave length of 

the radiation, C1 = ~i continuum constant (1.69 10-4; Wm4J(tl.lsr-1), 7ie = electron 

density, Te = elect~on temperature, e = Biberman factor for free-free emisSivity 
if 

(Hofsaess 1982), ~ = Biberman factor for free-bound emissivity (Hofsaess 1978 
f1;> 

1982, Behringer and 'Thoma 1976, Wilberg et al 1990a). U! = Partition function 

(Dra.win alld Felcnbok 1965), and c, k and h have their usual meaning. The Bibetman 

factor fOT free-free emisshity is fairly COnstant and can be taken to be 1.23. The 

Biberman factor for free-bound ~missivit:y can be taken from figu,e 1 (Wilbers et al 

1990a) in the wavelength regime from 250 nm to 800 nm. The straight lines in figure 

1 are the theoretical values as calculated by Hofsaes$. Jt is clear that below 350 nm 

his values or the measured ones can be used. Below 250 nm dOwn to 140 11m 

experimental values as measured by Behringer and Thoma 1976 agree well with those 

calculated by Hofsaess. 

Accounting for the effect of absorption, the intensity emitted by the cascade arc 

is described by 

(4). 



where S).. is given by the Planck fmmula 

I'< is the absorption coefficient <tnd I the length of the discharge. 

c 
c 
IT! 
E 
Ii:; 

.J:J 

i:ll 

s 
o 

..IJ 
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<lJ 
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<= 

(5). 

O . .:! L-__ ..,L __ -----.l ___ -.L~ _ __'L_ __ _.l... __ _____' 

200 300 400 500 500 700 800 

wOIve-le-ngth (nm) 

Fig.1; f'ree~b01,l.nd Biberman factors: lin~s : Hofoaes8, point. : Wilbers. 

-- and 11 ~ 12000 K, - - - and 0 : 135000 K, _. _. - and v ~ 

14600 K. 

From the measurements of the absolute continuum we obtain an absolute value 

fo~ Jm,as' With relation (4) we can calculate the absolute total emissivity f meas' If we 

assume LTE conditions we can express 11;.., n[ and n2 in terms of 1!e with the help of 
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the Saba equation, quasi~neutrality and Dalton's law. The electron density and 

electron temperature can now be calculated from equation (1), the absolute emissivity 

and the absolute pressure. A small devia.tion of equiUbrium (Partial LTE) causes an 

overpopulation of the ground level. This will enhance the contribution of the 

Brehmssttahlung due to interaction between neutrals and electrons. In the present 

conditions however, this contribution i$ small and a deviation from equilibrium has 

no significant effect. The calculated electron density and electron temperature match 

the LTE values within 5%. 

The continuum intensity depends on the square of the electron den$ity and on 

the electrOn temperature by a.n exponential factor (and a square Toot). As for the 

electrOn denSity, its influence is the same over the entire wavelength region where the 

a,c is not in the Planck limit. An increase in pressure results in an increase in 

intensity a.s long as the temperature is COnstant. The temperature dependence is large 

in the UV (the exponential factor sharply decreases with decreasing temperature). In 

the visible the exponential factor is almost equal to 1 and the temperature has no 

significant influence. Towards the infrared the intensity approaches the Planck limit. 

When this limit is reached the intensity is determined by the temperature. In the 

experimental environment, a compromise has to be cho~en between a high pressure 

and a high current. With increasing pressure the temperature decreases (constant 

cuuent), 
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THE CASCADE]) ARC 

The cascade arc consists of three major S~CtiOn5: a cathode section, an anode 

section and a plate s~ction in bet ween. The plate section, which holds fl ve copper 

plates stacked into a cascade, gives the arC its name. The whole system has a cylindri

cal geometry with th~ plasma channel located On the symmetry axis. A schematic 

drawing o{ the arc is given in Fig. 2. 

Fig. 2: The cascade (lTC. 1: window (LiF), 2: cathode (S.), S: cascade plates, 

4: anode pla-te, 5: anode insert, 6: ga.$ inlet and outlet, 7; shv.tter, 
8: plasma/gas channel, 9: PVC spacer, 10; 0 ring, .11: Boron Nitrite 

diSk. 

All sections are water cooled, The sections and the plates ate electrically 
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insulated from one another by PVC-spacers. Boronnitride disks protect the vacuum 

sealings from damage caused by radiation emitted in the plasma channel. The 

cathode section contains three cathodes with ~haxp pOinted thoriated tungsten tips. 

These tips which are th~ only components that show significant wear, can be easily 

replaced. They are sc~ewed into the cathode shafts which can be taken out of the arc 

assembly and put back in just a few minutes. The tungsten thorium tips are made 

from commercial available welding tools, The lifetime of the arc is at least 1000 hours 

bum time. The arc assembly without the cathode tips should last even longer. 

To allow for optical alignment, the cathode tips as well as the anode spot are 

not in the view line of the arC when observed end--(ln. The anode sectiOn holds the 

conical aJ:lode insert. The arC is operated in argon. A small Dow (refreshing the arC 

volume about two times per second) is \lsed to prevent gradual contamination of the 

arc plasma by cathode and wall material. A ~chematic view of the gas system is 

presented in figure 3. 

flowmeter 

Fig.S: Schematic view oj the ga$ system. The pumping tine is only activated 
during start up, 

The arc is ignited at reduced pressure (104 Pa) using a high voltage powel: 

supply (1200 v, deSigned and built at Our institute). Within 1 second after ignition 

the arc is pressurized 1;!p to l"lO! Pa. During ignition and pressurizing the exit 
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window has to be protected from damage caused by the hot ga.~ which lea.ves the arc. 

'l'his is done with a bra.ss shutter. When the desired pressure has been reached the 

shutter can be withdrawn. 

The windows have a dia.meter of 25 mm and are between 2 and 5 mm thick, 

depending on the material and the opera.ting pressure. For insta.nce, a LiF window 

needs to be thicket than a quattz window because it is mOre fragile. 

The wa.ter cooling of the arc is done with normal water pressure (2.5< 105 Pa, 

appro 1 l/min). No high wa.ter pressure is needed. The electrical system and pump are 

put in one cabinet which is movable (or with the heavy setup of three 10 kW power 

supplies two cabinets). The whole arc setup h therefore mobile. This enables the 

fkKibility o( the arc to be used :),1 severa.l experiments. 

The <Ire ca.n be fed with either One power supply or three (fm each cathode one). 

The total power is between 5 and 30 kW depending on the desired use. With one 

powe, supply ca.re has to be taken that the current is divided equally among the three 

cathodes. This is done with three series resistors (in our case 3 0) put in each cathode 

pOwer line. These resistors also pull the a.rc through its negative cunent-voltage 

behavior during start up. When a.n arc ignites the resistance is negative. A power 

supply can not hndle a negative load. The(e£ote a positive resista.nce hits to be put in 

the powe, H!\cs Xn our ca~e ea.ch of the cathodes is fed with a sepa.rate power !5upply 

(Electronic Measurements TCR250T40). More details can be found in an technical 

report on the construction of a cascade arc (Kroesen et aI1990). 

Small insta.bilities can occur at higher pressures Or currents. Also high frequency 

noise (several kHz) can be generated between the plasma. and the power supply (this 

depends on the kind of power supply and the length of the cables between the supply 

and the arc). These problems can be solved by including a inductance in the power 

lines between the pOwer supply and the arc. The inductance is iu the order of severa.l 
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mHo Also small vadation of the £low (increase or decrease) can stabilize the arc. In 

table 1 the typical operating conditions as well as the dimensions of the arc are given_ 

Table 1 : Typical operating conditions and dimensions of the cascade aTe_ 

Variables 

NC current 20 - 70 A 

Anode-cathode Voltage 85 • 120 V 

Pressure 1-10xl05 Pa 

Plate thickness 5 mm 

Number of plates 5/6 

Space between the plates mm 

Diameter anode ih$M hole 6 mm 

Length of plasma channel 42 mm 

Channel diameter 2 mm 

Argon ftow 0.5 scc/s 
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OPTICAL SYSTEM 

The optical system which is used to measure the absolute continuum intensity 

is described in figure 4. Two eq,uivalent systems are used, one in the vacuum UV and 

one in the visible PMt of the sjlectrum. With lens 1 (quartz) and the diaphragms 1 

and 2 a small plasma volume (cylinder of 0.5 mm diameter) is selected_ When mirror 

1 is rotated a similar surface on a tungsten strip lamp Can be selected. Lens 2 (quartz) 

increases the opening angle to the optimum req,uired by the 1m Jarrel Ash 

monochromator. This setup was u~ed in the visible wavelength region {.om 380 to 800 

mn. The lower wavelength region (115 to 320 nm) is measl,lred in VilCl,lum with LiF 

windows and lenses in combination with a Seya-Namioka 0.5 m Me. Pherson 

monochromator. Because of the extreme intensity difference between the c;).libration 

lamp and the arc (2 to 5 orders of magnitude, depending on the wavelength region; 5 

in the UV and 1 in the JR ) a gray filter F is used when studying the cascaded arC in 

the visible wavelength region. 

The Current pulses which the phOtOn8 induce in the photoml"1tipli~rs are 

counted after being amplified, discriminated to pulsheight and converted to TTL 

pulses (photon counting). The signal treatment takes place as near as possible to the 

ar)ode or the photomultiplier to eliminate noise. In this way we could cover three 

orders of magnitude in intensity without losing linea.rity (low intenSity of the 

calibration lamp and high intensity of the cascaded arc). The TTL pulses are fed into 

a.n interfa.ce ca.rd mOl,lnted in a. personal computeL The absoll,lte calibration is done 

with a tungsten ribbon lamp operated at a true temperature of 2667 K. 
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The diagnostic setup. The wavelength region from 980 to 800 nm is 
handled by the visible monochromator (Vis.Mon.) system containing 
beside th~ monochromator S quartz lenses and two dia.fragmas. From 
250 to 320 nm the vacuum monochromator system is used, which is 
basically the same as the visible system. The calibration lamp 
(tungsten ribbon, W) is coupled into the optical system with mirror 1 

(visible r~gion) or put in place o/the arc (vacuum region). Th~ data. 

are coll~cted and processed with a IBM-at compatibl e computer 
system. 
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RESULTS AND DISCUSSIONS 

In this section the results and disCussions of the measurements are given, 

Properties or the cascade MC such as the electron density, electron temperature and 

the absolute intensity :1s :1 function of external parameters (pressure, cuHent :1nd 

flow) are considered. 

In figure 5 the calculated intensity of the cascade arc is plotted for two different 

pressures. 
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Fig. 5. The calculated intensity of a cascade arc with pressures of 2. 10l Fa 

and 6_105 Pa and a temperature of 14500 K. Also the black bQdy 

(Planck) intensity at 14500 K, a 1000 W xenon short arc and a 1600 

K Globar are given. 



'" '(ij 

,-
E 
~ 

~ 
>. ... 
. ~ 
OJ 

~ 

23 

10" 
4",10' p" 

13500 K 

A 
... A ... .. A . . .. & .......... • .. .. . • 

... ... 

10" 
250 :275 300 325 

Fig6a: 

wavel@ngth (nm) 

Th~ m~Il$\J;red absolute inten$ity of a cascade arc b~tween 250 and 

320 nm jor ,,-10' Fa and 40 ampere. 

Also a 1000 W lI:enon short are and a G10bar of 1600 K are shown in order to 

compare the arC intensity with the ~mme,da11y available light sources. The 

bri;;htness of the arc is much higher than the other sources. It has to be noted 

however, that the total intensity achieved with a commercial xenon a,c is of the Same 

order due to the large opening angle (more than 1 srad) captured with a complex 

optical system (collimator, lenses). OUt measurements presented here cover the 

wavelength region of 250 nm to 320 nm and 380 nm to 800 nm. An extension down to 

115 nm (LiF window limit) is one of our future options. In U;;ure 6& and 6b the 

absolute intensity is shown for the arc conditions of 4:xlO~ Pa and 40 A. As can be 

observed from figure 6b line :radiation is present around 420 nm and abol'e 700 nm. 
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From the absolute contin\lI"ffi at 400 mn the electron density and the electron 

temperature are calculated_ 

'il> 

4:-.: 10" PI!., ",0 A 
10 ,. 

300 400 500 600 700 800 900 

Fig6b; 

w<l-v~IElngth (nm) 

The measured absolute inteMity of a cascade arc between 380 and 

sao nm for.{.< 10! Pa and 40 ampere_ The dectron temperature is 

13S00 K 

In figure 7 the electron density and electron tempe,ature are shown for the 

conred pressure range and the current range. As can be seen from the figm:e, the 

temperature increases as the pressure decreases. The desired n., Te combination can 

be linked from this figure to the external parameters, pressure and current_ To 

enhance UV radia.tion for instance electron temperature and electwn den$ity have to 

be as high as possible; on the Other hand, in the infrared ne and Te have to be 
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electron temperature (Kl 

electron densities as a function oj electron temperature for dijjerent 
pressures and currents. In (he figure the values oj the pressure are 
indicated (in 105 Pa). Two diameter3 of the arc are used; 0 ; 2 mm 

and • ~ 4 mm. The lowest temperature. along the lines of equal 
pressure have been reached with a current of 20 A. The highest 
temperatures with a current oj 60 A, The temperature oj 16500 K at 
1.1-105 Fa hru been achieved with a current of 70 A, The values at 
8~ 1 05 Po, are measured in an aTe of 4 mm diameter and currents oj 

20 and 40 A. 

chosen in such a way that the Planck limit is reached M close as possible and at a 

temperature as high as possible (Both are finally limited by the powa supply and 
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the CQoling c«p«hilities of the arC itself). 

The effect of the length of the arc on the intensity is wavelength dependezlt. As 

long as the plasma has not reached the Planck limit, as will be in the visible and even 

more in the UV, a longer arc emits mOre light. With increasing pressure the 

min\ffiUm waveletlgth at which the plasma has reached the Planck limit will decrease. 

For instance an incre;tse of pressure from 1.10s to 5,105 Pa reduces this minimum 

wilvdength limit from approximately to micron to 4.5 micron. Then the necessity of 

a. longer arc vanishes and a power supply can be used with a lower voltage. 
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The electron temperature M a fu,nction of the ga~ flow through the 

arc. 
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The influence of the ga.s flow on the electl;on temperature is shown in figure 8. 

As the flow incr~ase8 the temperature decreases and th~re£ore also the intensity. The 

flow has to be chosen such as to refresh the arc volume once Or twice a second and to 

keep the decrease of intensity low. 

CONCLUSIONS 

If the arc is used as a absolute secondary reference (or otherwise knowledge 

about absolute intensities i~ desired), the electron density and the electrOn 

temperature have to be known. When the arc is used merely as a light source an 

ab~olute calibration is not necessary_ The electron density and electron temperature 

can be calculated from the absolute continuum at for instance 400 nm (Witbers 

1990a)_ With the so obtained eJectron den~ity and electron temperature the 

emissivity of the arC can be calculated from 140 nm to the near infrared_ l£ our arc 

setup is used the electron density and electron temper"tme Can be taken from figure 

7. 

For practical use as a light SOurce the cascade arc has already proven to be an 

good choice. Klose et al 1987 used cascaded arcs as secondary radiation standards in 

the VUV_ In Om spectroscopic ellipsometer an extension to 8.5 J1ID has been achieved 

and with change of a few optical components the wavelength region from 200 nm to 

8.5 ILm can be covered. Mea$urements have been performed on thin films of 

arnorphol,lS carbon, amorphous silicon and carbon based polymers (Beulens et a11989, 

Wilbers et al 1990b, Beulens et al 1990). In the FTIRS of Haverlag et al 1989 at the 

same institute an improvement of a factor of 20-200 (wavelength dependent) in 

~ignal to noise ra.tio is obtained_ A further improvement is in progress and an 

extensiOn of the infrared wavelength limit to 12 micron is being prepared. 
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Compared to t unable lasers, the cascade a<e h<ts several advantages. Tunable 

lasers need about 10 different dyes to COver the wavelength range from 400 nm to 900 

nm. With frequency doublers the range can be extended to 270 nm. Often different 

pump la3er3 <lore needed (AI" Kr+) to achieve maximuIIl power at the peak 

wavelengths of the dyes. The arc has a larger wavelength range (140 nm to 12 IlIn). 

FOr the infrared spectroscopy the lasers can not be used- Also, la.sers are much mOrC 

difficLllt to align and changing dyes is a time comuming work, 

Acknowledgements-The authors would like to thank R van Earen, M Dirkx and R de 

Rooij for taking part in the meaSurements, Also M J F van de Sande who has done 

most of the construction work of the arc_ 
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ABSTRACT 

We present free-bound Eiberman factors (12,000, 13,500 and 14,500 

K) for the wavelength range of 250 to 320 nm and 380 to 800 urn. These 

values were determined by measuring the absolute continuum interlsity of a 

thermal argon plasma in a cascade arc (diameter 2 mm) for a pressure 

range of 2. lOS - 6. lOS POI. and a Cllrrent range of 20 - 60 A. The continuum 

emission is concctcd for free-free contributions. Two highly accurate 

experimental reference values of the free-bound Biberman factors were u~ed 

to check the electron density. Compa.rison with theoretical values shows 

also good agreement below 430 nm. Above this wavelength, theory predicts 

an edge structme which is not apparent in the avaih1ble experimental 

values. The agreement between Our results and recent experimental values 

(for which the electron density was obtained with two-wavelength 

interferometry) i~ good. 'rhe influence of non--equilibrium has beer\ found to 

be negligible. We conclude that absolute continuum measurements are well 

suited to determine electron den~ities (visible) and electron temperatures 

(UV) by using the known ftee-bound Biberman factors. Prediction of the 

absolute intensity as a function of the wavelength is po~sible within 10%. 
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lNTRODUCTION 

Continuum light SOurces that cOver a large spectra.l range are applied in s~vcral 

analytical techniques. Dependiug on the nature of the technique, the range of interest 

may cover the UV, visible or IR part of the spectrum. The cascade arc is such a 

continuum light source, which emits a relatively hlgh intensity {tom the uv to the 

IR.H It is important to be able to predict the radiated power per unit wavelength. 

Because line r"diation makes no sigrrificant contribution to the total intensity for our 

experimental conditions, we will consider only the continuum intensity. 

Continuum emissivity originates from intcra.ction of electrons with ion)'lOed or 

neutral atoms in a plasma. When the electrons recombine with the ions, the 

interaction is called free-bound. On the other hand, when the electrons remain free, 

the interaction is called free-free. For simple systems such as hydrogen, these 

interactions are well described by theory. With more complex systems such <IS :are 

gases, the standard theory is not sufficient. Biberman6 introduced a cottection which 

accounts for the deviation {,om the hydrogen-like structure. These so called 

Biberman-factors have been calculated for argon by Schliiter. 7 Hofsaess~-lD improved 

these calculations and extended the wavelength, temperature and atom rang/;s. 

Experimental values of the Biberman-factors are measured by variQu~ authors. 

The dat:;L for :;Lrgon are given among others by the authors of Refs. 11-:22: Some 

results for fluorine in :;Ln SF 6 plasma are also avail"ble. 23 ,24 However, the differences 

between theory and experiments are substantial. Hofsaess 9 calcnlated the free-free 

and free-bound Biberman-factors for various elements for temperatures in the range 

of 3000 to 30,000 K and wavelengths ranging from 30 nm up to 1.8 /l-m. He predicts 

sharp edges in the free-bound Biberman-factors corresponding to radiative 
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recombination. However, in the experimental data, the edge! of 4p (460 nro.) and 3d 

(740 nm) arc not apparent.2!,!8,!g Also, for F and S, the edges in the visible 

wavelength regime have not been confirmedY·24 

In this work we will determine the free-bound Biberman-factors from 250 nm 

to 320 nm and from 380 nm tD 800 nm by mea$uring the absolute emission of an 

argon an; in the pressure range 2- 10 5 - 6,101 Pa, 
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THE CONTINUUM INTENSITY: THEORY 

The continuum emissivity of the arc plasma is governed by the following 

expressions: 25 

(1) 

where 

(2) 

(3) 

and 

( 4). 

In these expressions, the symbols have the following meanings; t ei '" free-free 
ff 

emissivity caused by electron-ion interaction, ~ea = free-free emissivity caused by 
if 

electron-neutral interaction, qb = free-bound emissivity, ), '" wavelength of the 

emissivity, C1 "" electron-ion continuum constant (l.BS 10-43 Wm4J<1l. 5$1'-1), C~ "" 

electron-neutral continuum constant (1.026 10-34 Wm4l(Usr-l), Q{Te) "" cross 

section for electron-neutral interaction,26 h = Planclc constant (6.62610- 14 JIHz), n" 

'" electron density, 'Ila "" neutral density, ~ -- density of the ground state of z-fold 

ionized ions (;:=0,1,2, ... ), Te = electron temperature, { -- Biberman factor for 
ff 

free-free emiSSivity, f = Eibennan factor for free-bound emissivity, Uz = partition 
fb 

function of the system Z.27. 
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Fig. 1 The calculated emissi'llities normalized by th~ total emissivity in the 

'I.Ilavdength region cO'/JlJred for 7'. of 13,500 K and a pressure of 4" 1O! 

Pa (LTE assumed). 'The symbols repr~sent the following emissivities: 

fbDl = the free-bound of .singly ionized atoms, fbl2 = the free-bound 

of doubly ionized atoms, ffl = free-free of singly ionized atoms, ff2 ;;= 

free-free of do1tbly ionized atoms and ffea '" the free-free o/rieutral 
atoms. 

The values of the constants C1 and C2 have been adopted ftom Ca.ba.nnes and 

Chapelk. 25 In Fig. 1, the relative contributions of several of the emi~5ivity 

mechanisms to the total intensity are shown as a function of wavelength. Here LTE 

(Local Thermal ,Equilibtium) is assumed and Bibennan factors according to Hofsaes3 

have been used. The temperature and pressure are taken to be 13,500 K and 
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4.105 Pa, respectively, Figure 1 cleady shows that in the wavelength region covered 

the free-bound and f~ee-free emissivity from interaction of electrons with 

singly-ionized ions is responsible for mOre than 95% of the total emissivity, Of these 

two, the free-bound contribution dominates below 600 nm (more than 90%). In the 

observed temperature and pressure regime the density of the singly iOnized atOms is 

equal to 1'1 •• It is clear then, from equation (2) and (4) that emission from the argon 

plasma is only depending on the square of 1'1. and on T. (an inverse square root and 

an exponential factor) and depends only weakly on the neutral density. With 

increasing pressure and lowet temperatures however, the free-free contribution 

arising from interaction with the neutral particles becomes more and more important, 

At 2-l05 Pa and l3,500 K it is only 1.5% but <let 4-10~ Pile <lend 12,000 K it is already 

6% (both values obtained at 500 nm). It is obvious that this contribution C<lennot be 

neglected when measudng at higher pressures and relative low temperatures. Also the 

importance of the electron-neutral contribution compared to electron~ion inCreases 

towards the UV, A.t lower w<levelengths (lower than ::loO nm), the free-free 

electron-ion emissivity is even smaller than the electron-neutral contribution. Note 

tha.t if the plasma is not in LTE, then the neutral density usually will be larger than 

the corresponding LTE value. This will enlarge the required corrections appreciably. 

The emissivity is determined from intensity me<lesurements. Accounting for the 

effect of absorption, the intensity emitted by the cascade arc is described by 

(5). 

where the source function S)" is given by the Planck formula 

2hc2 
[ [h c] ] -1 ~=---xo e:I;JJ m'; ~1 , (6). 
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Here K is the absorption coefficient, fA is the total emission and I is the length of the 

discharge. 

AlthQugh the excited leveh are assumed to be in Saha equilibrium with the 

iOIlS, the plasma will not be funy in LTE: the ground state density will deviate {rom 

the Saha value (Partial LTE). We will parameterize this deviation with an 

overpDpulation factOr b of the ground level of the argon neutral system. This fattor b 

is defined as 

b = 1l,-. Ina,s, (7) 

where %.s is the neutral density in Saha. equilibrium. In om plasma which is ionizing 

this factor wili be larger than 1. If the plasma would be recombining, b could be 

smaller than 1. The validity of this concept is shown by R.osado et al!e and Nick et 

aP9 for electrOn densities larger than 6-1011 m -~. Timmermans et al M.ll have 

meaSured b for the conditions of 1-10' Fa and 5 mm diameter of the arc. Xn the 

temperature tange fmm 9000 K to 15,500 K his values vary from 5 to ~.3, decrea.sing 

with increasing temperatme. 

Prom the measurements we obtil-in an absolute value for the inten~ity Im ... · 

With relation (5) we can calculate the absohlte total emiSSivity ~",el\s· With the Sil-ha 

equation we can express the densities of the hea-vy particles in terms of ne and Te· 

Furthermore quasi neutrality and Dalton's Jaw link the various densities with each 

other and the measured total pressure. 
e~ 

The neutral density appears only in eff. If this contribution is smaller than a 
ea 

few percent (compare e.g. the 2% calculated Eff for 4-10 5 Pa and 13,500 K at LTE) 

then the measured absolute continuum intensity depends mainly on ne (ne 2) and on 

1'e (Te-1I2.exp(~hcl:"kT.)) in the observed temperature and pressure regime. If LT£ 
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independent methods are used to determine these two parameteIs one can deduce the 

Bibennan factors without specification of whether or not the pla.:;ma is fully in LTE. 

If the contribution of !~~ becomes larger (higher p, lower T) then the 

non--eguilibrium neutral density should be calculated to apply the required 

correctioIl$. 

With the ass1JlIlptioll of LTE (or FLTE and a b factor) two measured 

parameters are enough to characterize the plasma completely. Generally, the first 

ptuameter i$ the absolute pressure. The second parameter can be either n" Or Te. 

Then, the Biberman factors can be determined from the measured absolute 

continuum intensitY". Row experimental or theoretical errors in the determination of 

ne or Te affect the calculated Biberman factors will be discussed in the following. 

From interferometry one can obtain ne. The electron temperature Can now be 

calculated either in LTE Or in PLTE with a specified b factor. If non--eQ.llilibtium 

exists the temperature will be slightly different. BeCause the UV part of the £pectrum 

depends heavily all Te (the influence of the exponent in eq. 4 is strong ill the UV in 

our !le, Te range), Iloll--equilibrium will have a finite effect there. In the visible pa;r;t 

of the spectrum the influence of the temperature is weak, so non--equilibrium ~ffects 

will also be weak. The effect of the PLTE vB. LTE neutral denSity is already 

mentioned. 

The electron temperature can be determined from emission and absorption 

experiments (also ne, but uSllally only one parameter is determined). Assuming LTE 

(b factor equal to 1) ne can be calculated; if non--equilibIium exists this ne-valu~ will 

be slightly too large. In the observed T. and ~ regime small errors in Te will result in 

large errors in no· So a small change in Te due to non--equilibriurn will result in a 

significant change in ~. The eIfor in the calculatiOn of the Biberman factors from the 

absolute intensity is even larger because the emissivity depends on the square of ne. 
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This error is the same in the entire wa~elength region. A specification of the b factor 

is then necessary. 

In this work we will use the following procedure to obtain an electron density 

from the absolute continuum measurements. Three alberman factors will be used at 

different wavelengths to calculate three values of the electron density; a theoretical 

Biberman hetor at 400 nm (in this wavelength range theoretical and experimental 

values o( the Biberman factor are in agreement within 5%) and two experimental 

values of the Biberman factor determined by Timmermans et a.132,3' at 468.8 nm and 

Rosado et alH at 700 nm. The experimental ~alue5 were obtained from absolute 

continuum IUeasurements together with independent accurate determination of the 

ele(;tron density and electron temperature (source function method, two wavelength 

interferometry). The three values o( the eiectwtl density thus obtained appear to be 

the same within 3%. With the so obtained electrOn density we will then calculate the 

Bibcrman f<1ctor~ for the other wavelengthS, The calculations will first be carried out 

with the aS811mption of LTE (b factor equal to 1), The influence of a b factor not 

equal to 1 (PLTE) will be investigated a.t the end. 

From the absolute line intensities of optically thick lines (some lines <1bove 700 

nm) th~ electron temperature can bc calculated This temper<1ture wiH be compared 

with the electrOn temperature calculated from the experimentally o\lt<1ined electron 

density according to the procedUre described a.bove. 
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EXPERlMEN'l'AL STUDlES 

The cascade arc consists of three major sections~ a cathode section, an anode 

section and a plate section in between. The plate section, which holds five copper 

plates stacked into a cascade, gives the cascade arc it~ name. The whole system has a 

cylindrical geometry with the plasma channel located On the symmetry axis. All 

sections are water cooled. The sections and the plates are electrically insulated from 

one another by PVC-spacers. Boron-nitride disks protect the vaCuum seals from 

damage caused by radiation emitted in the plasma channel. The cathode section 

contains three cathodes with sharply pOinted thoriated tungsten tips. To allow for 

optical alignment, the cathode tips as well as the anode spot are not in the view line 

of the atc when observed end-an. The anode section holds the conical anode insert. 

The arc is operated in argon. A small flow (refreshing the arc volume about two times 

per second) is used to prevent gradual contamination of the aTC plasma by cathode 

and wall material. The arc is ignited at reduced pressure (10 4 Pa) using a high 

voltage power supply. Within 1 second after ignition the arc i$ pressurized up to 

1,5-105 Pa. In our case each of the cathodes is fed with a separate power supply. 

Because of the negative voitage--current behavior of an igniting arc series Nsistors (jn 

Our system 3 n) have to be included in the electrical setup. 

Ol'TlCAL SYSTEM 

Two basically identical optical systems are used, one in the visible range and 

the other in the UV range. We will only discuss the setup used in the visible wave 

length range. With one lens (quartz) and two diaphragms a small plasma volume 

(cylinder of 0.5 mm diameter) is selected. When a mirror is rotated a similar surface 



on the tungsten strip lamp Can be selected. Two additional lenses (qua,rt~) increase 

the entrance angle to the optimum required by the 1 ill Jarrel Ash mOi\ochromator 

(entrance angle 0.1 rad , slits of 50 micron). This setup was used in the visible 

wavelength region from 380 urn to 800 nm with a S20 photo multiplier (EM! 9698 

QB). The lower wavelength region (115 to 320 nm) is measured in vacuum with LiF 

windows and lenses in COrnbination with a Seya-Namioka 0.5 m McPherson 

monochromator (entrance angle 0.05 rad, slits of 100 micron) and a Solar Blind photo 

mult.iplier (Ramamatsu R976) with a MgF2 window- With ttls setnp, the 

contribution of stray-light cannot be neglected below ISO nm_ Because of the extreme 

intensity difference between the calibration lamp and the arc (2 to 5 orders of 

rllagnitucie, depending On the wavelength region) a gray filter is used when studying 

the cascade arc ill the visible wavelength region The curtent pulses which the 

photons induce in the photo multipliers are counted after being amplified, 

discriminated onto pulse height and converted to TTL pulses (photon counting)- Th~ 

signal treatment takes place as near as possible to the anode of the photo multiplier 

to eliminate noise. In this way we could cover three onl,ers of m<Lgnitude in intensity 

without loosing linearity (low intensity of the calibration lamp and high intensity of 

the cascaded arc)_ The TTL p\llses are fed into an interface card mounted in a 

personiLl cQmputet The absolute callbration is done with the mentioned tungsten 

ribbon la.mp (Phlhps type: W2 KGV 22i, no 109 identification VSL 82 POI) operated 

at a true temperature of 2667 K_ The calibration of the lamp is done at 655 nm at the 

Van Swinden laboratory VSL,a! calibra.tion report 661120096. The tables of De VOSJ5 

give the intensity of the lamp for the covered wavelength region_ 
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RESULTS AND INTERPRETATION 

In this section the results of the calculations and mea.:ourements are compared. 

Our mea.surements presented here cover the wavelength regions of 250 to 320 and 380 

to 800 nm. An e~tension to l15 nrn (LiF window limit) is one of OUl; future options. 

Line radiation i~ mainly present in the wave length region from 380 nm to 800 

nrn. From 250 nm to 320 nrn no significant line radiation could be detected. In Figs. 2 

and 3 the measured spectrum from 250 nm to 320nrn and 380 nrn to sao nrn of the arc 

plasma is given for 4.l0~ Pa and 40 A. 
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The measured absol'Jte intensities (if a ,ascade arc between 250 and 
S20 nm for 40105 Fa and 40 A. 
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The measured absolute intensities of a cascade arG between S80 and 

800 nm fOT 4" 105 Pa and 40 A, ~howing the observed line spectrum 

superimposed on the continuum. 

Figure 3 clearly shows the obi~rved line radiation superimposed on a strong 

continuuIll emissivity. 

hom these absolute intensities we calculated the free-bound f:J.ctors_ Therefore 

40 positions on the wavelength axis in the region from 380 nm to 800 nm wcre 

selected on the condition of the continuum being sufflciently line free. In the low 

wavelength range (250 - 320 nm) all measurem~nts could be used-

The electron densiti~s calculated from our measurements uSing the mentioned 

experimental Biberman betors are both in excellent agreement (within 3%) with the 
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one calculated with the value at 400 nm of Rofsaes$. The value at 400 nm is used 

because experimental results of various authors are in agreement with Hofsaess at this 

wavelength. The temperature which is used to insert in Fig. 3 the appropriate Planck 

limit is determined from the strongest observed lines above 700 nm as can be seen in 

Fig_ 3- This temperature is approx.imately 5% higher than the LTE value. This is to 

be expected with the meMured ~ values at l.013x105 Pa. The effect of thi~ ~Iightly 

higher temperature is negligible in calculating the electron density. This lIe appears to 

be equal to the lIe calculated from the absolute continuum. This in fact forms the 

fourth experimental verification for the electron density measurement. 

In Fig. 4 free-bound Biberman factors, calculated and measured by various 

authors are shown. The differences between the various measUIed values can be 

explained in part by the determination of the plasma parameters; ne and Te. 

Meiners,15 Schnehagel9.ZO and Zangers22 used two-wavelength interferometry to 

determine ne and then calculated T. assuming LTE. BergeH dete~mi!\e these 

p!lrameters wHh the help of the Rankine-Hugoniot equations and statistical 

thermodynamics f~om their shock-wave experiments. Erhardt,j~ Gall,13 

Sehulz-Gulde,16 and Wende~l use line intensities (uncertainties of 10 to 25% in the 

transition probabilities) of neutral and ionized argon to determine Te. With the 

assumption of LTE, they calculated 1le and introduced errors of approximately 25% in 

the calculated free-bound {!letors. Goldbach lS used line widths of neutral argon to 

determine 'lie and line intensities for T.. Morrisl? used several techniques and 

averaged the res\llts_ The va~jatjons in the free-bound factors of Schulz-GuIde aTe 

within his claimed accuracy. The values of Schulz-Gulde !lnd SChnehage are the same 

except for a constant difference of about 10 % probably due to a difference in ne of 

5%. The values of MOrris and Berge show a significant higher level whereas the values 

of Gall onJy fit the values of Hofsaess for his lowest wavelength. 
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The determination of the electron density with two wavelength interferometry 

is to our opinion the sa.fest method, The accuracy is very high and the tTE electron 

temperature calculated fwm this density is at most 500 K lower than the actual 

electron tempel:ature. 
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From our measured free-bound emission the free-bound Biberman factor is 

calculated using the procedure described above_ The accm:acy of the absolute value of 

our Biberman factots is mainly due to the uncertainty in the plasma length in the 

present experiment. The uncertainty in this parameter is 10%. So the calcub.ted 

electron density will be also accurate within 5%_ Therefore our experimentally 

obtained Biberman factors will have an accuracy of 10% (dependency on the square of 

ne)' The relative uncertainty over the entire wavelength range will be significantly 

smaller: in the visible where he/ HTe< 1 approximately 5% (calibration) and in the 

UV part somewhat larger due to the increased influence of the electron temperature. 

The effect of the uncertainty in the free-free Bibe:r:man factor of Hofsaess which is 

needed to calculate the contribution of the free-free emissivity to the total emission 

is small since the free-bound emissivity accounts for more than 90 % of the total 

emission in this wavelength region (see Fig. l)- The free-free electron-neutral 

emission has been taken into a.ccount in OUt case but again ca:r:e has been taken that 

the contribution is small and consequently errors have little effect on the results. In 

Fig. 5, the result is shown for all plasma. ternpe:r:atures obtained in the measUIernent~ 

(12,000, 13,500 and 14,500 K) each averaged over the used pressures together with 

the reference va.lues of Timmermans et al ll ,32 and Rosado et aL is 

The pressure dependence of the Biberman factor is not noticeable within the 

error bars in the observed pressure range. According to theory and most experiments 

there should not be any pressure dependence; only Goldbach et 0.1,14.15 Gall et aj13 

and Morris et aJ17 detect pressure dependence. However: in GOldbach et aJ,14 Gall et al 

and Mords et al the neutral contribution to the total emiSSivity is totally neglected 

(which becomes increasingly important: 5% at approxim;l.tely -/;x105 Fa, and 15% at 

30x 105 Po. both for l2,OOO K assuming LTE)_ Al~o Goldbach et a114 use line widths of 

the Hi3 line to determine n". They l,1se a mixture of 98% argon aDd 2% hydrogen. 
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The free-bound Eiberman factors according to Out measurements, 

our reference values and a-ccording to Hofsa,ess. The para-meters are 

as follows: 11 ,12,000 K; 0 , 15,000 K; 'J ,14,500 K; .. , 
Timmermans;21,32 • ,Ro.!ado;33 ca/ctL/a;tions by Hofsaess, -~. 

However, because the ionization degree is very low (1%) th~ contribution of the 

hydrogen continuum could be substantial. GQldba-ch et al 15 includes the neutr"l 

contribution a-ccording to LTE but states that the effect is s till too wea-k to account 

for the observed pressure dependence of the Biberman facto!. However, 

non---equilibrium effect~ would increase the contribution to the continuum emissivity 

by a. rea-listie b factor of,5 01: more. It would be better to decreMe the influence of the 

neutrals by carefully choosing the discharge parameters as has been done in our 



49 

measurements. 

We now discuss the wavelength dependence of our measurements. At 500 nrn 

(Fig. 5) the deviation from Hofsaess amounts to almost 30 %. Above 700 nrn the 

deviation rises to values of more than 100 %. However, in this region also line 

emission may contribute to the measured emission. At 785 nm where a significant line 

free spectrum is found the deviation is a.pproximately 80 %. Zanger5 and Meiners 

state that many weak lines which aIe strongly broadened contribute to the measured 

emission and shOuld therefore not be neglected. 
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a junction of the b factor all nO'l'1T!aiized on their va.lues for b equals 

1. 
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However, our measurements which are not cOrrected fOr possible contributions 

from broadened lines agree well with those of Zangers and Meinets. A possible 

explanation could be that the influence of the lines at higher pressures decreases. 

Park'I calculated the contribution of the line emis~ion to the free-bound and 

free-free Biberman factor and presents a total Biberman factor. This model fits the 

experimental results rather well except for the 4p edge at 460 nm. 

To check the sensitivity of the calculatioM of the Biberman factors for 

Ilon-equilibrium, we varied the b factor from 0,3 to 10 and repeated the calculations 

for each b Cactor. In Fig, 6 the free-bound Biberman factor at two wavelengths is 

shown as a function of the overpopulation together with the electron density and the 

electron temperature all normalized on their values at b equals l. 

In the expected region of 1 to 5 of the overpopulation, the variation is only 5 % 

at 12,000 K and smaller at higher temperatures. Therefore the LTE-procedure is 

justified. 

CONCLUSIONS 

We have measured the absolute continuum emission in the wavelength range 

from 250 nm to 320 rim and 380 nm to 800 nm to determine free-bound Biberman 

(actors of argon, using three known values of the Biberman factors to calculate the 

electron denSity, Our studies did not show a measurable pressure dependence. 

We conclude from our meaSurements that using these Biberman factors and the 

absolute continuum intensity, accurate calculations of electron densities and electron 

temperatures of argon plasmas in an atmospheric arc are possible, In the visible 

wavelength range, the electron deusity can be determined with high accuracy. Below 

430 nm, the accuracy is 5% and both experimental Biberman factors or thE 
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Biberman factors of Hofsaess may be used. Behringer and Thoma3B showed that the 

lower wavelength limit may be extended to 140 nm for temperatures below 15,900 K 

Clearly, the argon arc will serve as a high-inte;nsity, secondary ;adiation standard in 

this wavelength range. The Biberman fa.ctor in the range from 430 to 800 nm may be 

ta.ken from the available experimental results presented in Fig. 5 for the pressure 

range 1.10~ to 6.105 Fa. The wavelength range may then be extended for use of the 

cascade arc as a high-intensity radiation standard from 430 to 800 nrn. The 

accuracies in this wavelength range are determined by the accuracies and the ranges 

of the available experimental valu€s of the Biber:man factors. At high pressures, the 

effects of non--equilibrium should be taken into account. 

The Biberman factors of argon calculated by Hofsaess agree quite well with our 

measurements Over the entire observed wavelength ,ange except for the edges 

corresponding to the 4p and 3d series. In all of the experimental studies, including 

ours, these edges were not observable or else were much weaker than predicted by 

Hofsaess. A possible explanation could be a smoothing due to micro £eld distribution. 
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ABSTRACT 

We have investigated the vacuum ultraviolet (VUV) emissivity of a 

cascade arc in argon from 125 - 200 nm. In particular, the temperature and 

pressure dependence of this emissivity is subject of this paper. Further 

enhancement of the emissivity has been obtained by adding nitrogen to the 

argon. At certain wavelength ranges the increase of the emissivity due to 

broadened lines is more than a factor of 10 in a spectral range or several 

nm. These lines reach the black body limit corresponding to the electron 

temperature of the pla.sma inside the arc. The ekctron temperature has 

been varied between 12200 and 14500 K. The relative temperatu(c 
dependence of the free-bound Biberman factor as a function of wavelength 

in this temperature range has been determined f,om continu\lm 
measurements and compared to the theoretical temperature dependence of 

the fre£~bound Biberman factors according to Hofsaess. The agreement is 

good. 
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INTRODUCTION 

Vacuum ultraviolet (VUV) radiation from 50 to 250 nm has been the subject for 

fundamental research and has also been used in several applications. 1,2.S.4 Studies on 

radiation standards have been performed.) If the radiation sOurce is etJ.c1osed, the 

lower wavelength limit is usually determined by the LiF tra.nsmission limit, 115 nm. 

The maximum photon energy i$ then limited to 10 eV (124 nm). The principle 

interest in this type of radiation is that the photon energy above the LiF window 

transmission limit is sufficient to photo-ionizes and photo-dissociate1 molecules into 

fragments. Also catalytic effects can occur.s The selection of spectral range is also a 

selection of the kind of particles which ca.n be created: ions, fragments of molecules Or 

radkals- In this way, the VUV radiation can be used i)1 orde~ to gil'e more 

understandlng of the processes which take place in deposition or etching experiments. 

However, it is dlfficult to achieve a continuous source of radiation in this 

spectral range. There are a number of traditional sources available which all have 

their advanta.ges and disa.dvantages. The discharge lamps, such as th(l deuterium 

lamp Or xenon lamp, are easy to handle and small. The intensity increases towards a 

broad maximum at 190 nm. However, it is difficult to calibrate the lamp since the 

discharge always takes different spots on the anode and cathode. Also the aging 

characteristics are not well known and repeated calibrations of the absolute intensity 

are necessary. If high grade quartz envelopes in stead of MgF2 are used with these 

lamps, radiation below 160 nm is blocked. A much stronger radiator of VUV 

emissivity is the hydrogen cascade arc. The increase in brightness is at least a factor 

of 100 over the entire range. Disadvantage of the hydrogen arc is the high power 

which is needed to run the arc. Another candidate is the same arc, now run in argon 

gas. The advantage of using argon as the discharge gas is the much lower power 
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consumption of the arc and also the longer lifetime. Disadvantage is the somewhat 

lower emissivity. Comparison of these sources in terms of radiation standards has 

been done extensively elsewhere- 4 

In this paper, we will focus on the temperature and pre~~l,lre dependence of the 

VUV emissivity of an argon cascade arc and the effect of additional gases on the 

VUV emissivity. The emissivity of the arc in the near UV and visible wa.velength 

range has been investigated in another paper~_ One cOnclusion of this paper was that 

the emissivity of the arc can be predicted well by the emissivity theory of noble gases 

(see the references in the mentioned paper). From this theory, two parameters can be 

extracted which could provide for an increase of the emitted radiation in the VUV 

part of the spectmm_ Increase of current enhances the emissivity by raising the 

temperature and denSity. The temperature raise is however limited by the cooling of 

the arc_ If the temperature of the a,c is raised too much, its lifetime reduces 

dra~tica.Ily_ The maximum temperature which c,m be achieved in this <Ire design is 

16500 K at atmospheriC pressure. We varied the temperature in the arc from 12200 K 

to 11500 K. The second way to incr~ase the emitted intensity is raising the pressme 

inside the arc. If the temperature rema.ins constant, a linear increase of the pressure 

results in a quadratic increase of the emitted intensity_ The pressure inside the arc 

has been 2 to 6.10~ Pa_ 

Another possibility to increa.se the emissivity in the VUV is the intwduction of 

irnpurities in the argon gas_ We added nitrogen ill two different concentrations, 1 and 

10 percent. 

In the following, we will give a short review of the emissivity theory of noble 

gases. Then the setup used to mea~ure the VUV emissivity is described, followed by 

the results of the measurements. Finally, some conclUSions will be drawn about the 

use of a cascade arc as a VUV radiation source. 
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EtfiSSIVITY THEORY 

In thi~ section we will give a short review of the most important expressions 

w ruch represent the emissivity of a cascade argon al;C, More details can be found in 

Wilbers et a/s and in the references the,ejn, 

The continuum emissivity f}. of the discharge in the mentioned range of 

temperature and densities is governed by the following expressions: 

(1) 

where; 

(2) 

and 

(3) 

The symbols in these expIessions are shown in table 1, The Biberman factor for 

free-free emissivity eff is cOnstant in a good approximation and can be taken to be 

1,23. 

Accounting for the effect of absorption, the intensity I}. emitted by the cascade 

arc is described by 

( 4), 
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Table 1: The symbols used in expressions (1), (2), (9), (1) and (5), 

k 

h 

total emissivity 

free-free emissivity (electron • Ion) 

free-bound emissivity 

wavelength of the radiation 

electron-ion continuum constar'lt 

(1,63 10"1 3 Wm4.J<'l.5sr-l) 

91~ctron density 

81ectron temperatura 

Biberman factor for free-free emissivity 

Bib~rman factor for free· bound emissivity 

Partition function of the Ion (1) 

statistical weight of the Ion ground level 

absorption coefficient 

Source function 

velocity of light 

constant of Boltzmann 

constant of Planck 

length of the disoharge 

where ~ \s given by the PIll.nck formub 

2hc~ [ (h c] ] -I SA == ---xo ezp X'f'.Te - 1 (5)-

From the expressions (2) and (3), it is clear that a linear illc£ease of pressure 

(increase of the electron density) results in a quadratic increase of the emissivity fA as 

long as the temperature remains constant and the limit of the bbck body radiation 

has not been reached- The dependence on the length is linear. Roughly, the emlssivity 
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below 200 nm depends on the electron temperature as in the exponent of equation (3). 

The emissivity is mainly determined by the free-bound contribution in 

expression (3). The wavelength dependence in this expression is strongly influenced 

by the Biberman Cactor.l°·ll In figure 1, this Biberman factor according to 

Hofsaess!o.u is shown in the covered wavelength and temperature range. Note also 

the strong temperature dependence of this Biberm3.Jl factor in this wavelength ra:nge. 

In the visible wavelength range, the temperature dependence is small. 

Fig,l 

100 125 150 175 200 

wavelength (nm) 

The Bibe'l"IT!l1-n factor according to lfojsaess in the wavelength range 
from JOO to 200 nm. In the figure, the CV}''V~8 represent the following: 

--12200K, ...... 1$$00 K cmd -~---14500K, 
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EXPERlMENT 

The light source has been described e:densively elsewhere. 12 We will therefore 

not go into details concerning the construction of the arC. In figure 2; a. schematic 

dra.wing ot the experiment i$ given. 

Argoil flush in 

calhod.;!s 

Hg.f! The experimental setup- With a system o/three lenses (LiF) and two 
pinhol.es, the radiation of the arc is dir~cted into a SeyOr-Namioka 
vacuum monochromator. The detected photons are counted and the 
counts are monitored by a PC, where the analysis take~ place. At the 
anode side, the arc is flushed from the window towards the anode with 

a flow 0/2 seels argon_ Through the Q,rc channel a flow 010-2 aecls 
is maintained. Just before the anode the gas exits the system-
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A 0,5 m Seya-Namioka Vacuum :monochromator is kept at a vacuum of 1-10-4 

:Pa with a turbo molecular pump. A grating of 1200 lines/mm blazed at 150 nm 

allows a spectral range ftom 50 to 350 nm. Slit widths of 50 to 100 micron give a 

spectral resolution from 0.08 to 0.16 nm. A solar blind photo multiplier (Hamamatsu 

R972} with a spectral range from 115 to 200 nm is used_ The use of this photo 

multiplier limits the influence 0;[ stray light, The lower wavelength limit is abo 

imposed by the presence of several lensGs of LiF, a window of Lil<' and a MgFI 

window of the photo multiplier. The optical system between the arc and the 

monochromator converts the opening angle of the emitted beam such that the grating 

6f the monochromator is completely filled. All components are made of LiF and the 

optical system is kept at the same vacuum as the monochromator itselt The window 

between the arc and the optical system is also made of LiF, allowing radiation with a 

wavelength down to 115 nm to pass. Between the end of the plasma (anode) and the 

exit window is a volume of cold argon gas at the same pressure as in the arc itself. 

The path length {rom the anode to the exit window is about 60 mm_ This cold argon 

gas is flushed constantly at a rate of 2 sec/s (the arc is flushed with a flow of 0.2 

sects) to eliminate light abso.rbing species produced at the boundary of the arc 

plasma. Also, traces of water can absorb heavily in the VUV. FrOm 140 nm to 185 

nm a broad absorption band 0{ water is present» In the broad maximum of this 

absorption band, the absorption coefficient is 100 percent. Below 140 nm, the 

absorption decreases to 20 percent. Above 185 nm, the absorption has nearly 

vanished, In figure 3, the ratio of the counts obtained with and without flushing is 

shown for a 50 A and 15-101 Pa arc. This condition has been chosen for comparison 

because the light absorption bJ' water increases with increasing pressure and arc 

temperature_ Although the concentration of water is very low (the hydrogen 

Lyman-a- line could be barely detected), the absorption is drastic. With the 
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protecting cold argon flow, flushing from the LiF window to the a.node of the arc, the 

absorption can be eliminated-
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The ratio of CO'/l.nt3 measured in (J, 60 A16" 1 05 Pa setup with and 

without fi ushing. 

The cold argon gas serveS another important purpose. Radiation at photon 

energies lower than 11 eV is strongly absOibed by LiF. Severe degradation occms 

after several hours of exposure to such radia.tion.!' The flushed cold argon gas 

however absorbs this radiation, wruch is emitted by the hot argon, thereby protecting 

the window. Over several d(l.ys, the degradation of the window transmission was only 

a few percent. 

To ensure a large intensity range we used single photon counting_ The Count 

r,Lte is monitored by a PC where the data are further analyzed. 
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RESULTS 

Calibration of an optical system in the VUV is not straightforward. The 

intenSity of the normally used radiation standards is br too low to calibrate the 

optical system below 200 run. Calibratioll call be done using hydrogen or argon arcs5 

and line intensity ratiOS. 15 ,1O This latter technique uses the intensity of lines emitted 

frc.m the same upper level to different lower levels, one in the visible and the other in 

the wavelength range to be calibrated. 

To calibrate our optical system for the spectral range from 100 to 200 nm, we 

used the following procedure. In previOuS measurements,S the same optical system 

was calibrated from 250 nm to 320 run using a tungsten ribbon lamp at a temperature 

of 2667 K. Below 250 nm the intenSity of this source was too low. From these 

measur~ments above 250 nm, the electron density and the electron temperature were 

calculated. In the present setup, the same arC conditions were used as in the 

measurements of the aiorementioned reference, The covered spectral range during the 

measurements was from 100 nm to 250 "ro, thus enabling the link between the 

calibrated upper wavelength range from the measurements in the aforementioned 

paper and the lOwer wavelength range in the present measurements. Behringer and 

Thomal have shOwn that the free-bound Biherman factor in the covered wavelength 

range is in agreement with the calculated free-bound Biberman factor of HofsaBss. 

The Eiberman factors of Hofsaess used in that paper have been recalculated by 

:S:ofsa.ess. IO The new calculations improved the agreement at 16900 K. At higher 

temperatures, the agreement is Jess due to the increasing influence of ArII. 

The measurements at 250 nm were repeated with and without the a.rc being 

flushed. These measurements showed that with increasing Current and decreasing 

pressure, the pressure at the anode region is raised up to 40 % (60 A, 2_10 5 Pal 
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compared to the pressure at the cathode region. This can be explained by thlO 

increasing viscosity of the arC at higher temperatures and by the ditection of the flow. 

The higher flush towards the anode fJ:oro. the exit window induces a pressure raise at 

the anode region. Due to the increasing viscosity of the plasma with increasing 

temperature, equalization of the pressure between anode and cathode is inhibited

Only if the current was as low as 20 A, the pressure at the anode region was the same 

a_s at the cathodes_ With increasing pre:>:>ure (from 2 to 6_105 Pa) inside th<: arc, no 

discrepancy occurred between theory and measurements- At 2_l01 Pa, the ratio of the 

intensity according to theory and meaS\lIements was 0.99. At 4 and 6_105 Fa, this 

ratio was respectively 0_98 and 0_99 (this ratio is obtained by dividing the measured 

intensity by the calculated intensity at several wavelengths). 

Therefore, we used the 20 A, 6.10 5 Fa condition to obtain the transmission 

curve of the vaCuum system with a flushed arc_ The measured continuum counts at 

an arC condition o( 20 A and 6"10~ Pa are compared with the theoretical continuum 

intensity of an argon plasma at 12200 K and 6-10 5 Fa- In the calculation of the 

theoretical continuum intensity with expressions (1) to (5), the Biberma.n factors 

according to BofsacBs are used_ Where lines ate present, the continuum is 

interpolated. In figure 4, the tra.nsmission curve obtained in the aforementioned 

procedure is shown_ Below 120 nm, the amount of continuum counts afte£ cOHection 

for the contribution of stray light is not sufficient to G<1lcula.te the transmission curve_ 

Stray light from the 2eroth order of the grating causes a background which decreases 

slowly towards higher w<1velengths. 

'The drop in transmission to lower wavelengths is a combined effect of window 

and lens material (LiF and MgF2) and the grating which is blazed at 150 nm_ The 

decrease towards higher wavelengths is a combined effect of the sensitivity of the 

photo cathode matedal, which decreases exponentially, and the blaze of the grating. 
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Fig ./ The transmi.s.si01l- curve of the optical system. 

We varied the current through the arc from 20 to 60 A, creating a tempetature 

of 12200 to 14500 K. In figure 5, a typical measurement is shown. The arc cun:ent is 

40 A and the pressure at the cathode side is 4- 105 Pa. In the spectrum, various 

a.tomic lines can be seen. These lines are due to small amounts of nitrogen, oxygen, 

carbon and water which is present in the argon gas. Although we used blgh grade 

argon gas (Messer Griesheim 5.0), these lines could not be avoided. Also, some small 

argon ion lines are present. In table 2, the most important spectral lines are given 

together with the corresponding atom. 
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A typical measurement oj the emissivity in the VUV oj the cascade 
arc. The pressure is 4< 105 Po, and the temperature is 1 S500 K. 

Towards 125 nm, the number Of counts decreases rapidly. It is clear from the 

figure that below this wavelength, the sensitivity of the optical system is not 

sufficient to obtain accurate data on the continuum radiation_ The measurements 

have been extended to 100 nm to subtract the contribution of sttay light due to the 

zeroth order of the grv.ting_ 

The change of pr~~sure results in a strong increl>se of the emiSSivity. In figure 6, 

the measurem1jnts at a temperature of 13500 for 2 and 6.101 Pa_ are shOwn. Also the 

black body ceiling of 13500 K is shown in the figure-

In figure 7, the effect of the change of Current is shown. The tempel:atur!) has 

the values of 12200 and 14500 K. The pressure is .j,< lOS Pa-



69 

Table 2; Atomic lines in the spectta;l tange from 125 nm to 200 nm. 

'00 

'l'E 
.. 
'E 
! 
~ 
.~ 

aJ 

:s; 

127.75 C I 149.47 N I 
130.22 o I 156.1 C I 

lSO.55 o I 157.5 AI II 

131.07 N I ltiO.04 AI n 
131.95 N I 160.35 Ar II 

132.93 C I 1130.135 Ar II 
133_53 en 165.72 C I 

141.19 N I 174_27 N I 
145_91 C I 174.53 N I 
146_33 C I 175.19 C I 
148.18 C I 193_09 C I 
149.26 N I 

10 ,. 

10" 6)( 10' Pa, 40 A 

2)< 10" Pa. 40 A 

10" 
125 150 175 200 

wavelel1Qth (nm) 

Fig. 0 The intensity at 2 and 6.10~ Fa; for the ate with a temperature of 
18500 K Also the blo,ck body ceiling is shown. 
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Fig. 7 The VUV intensity at 4-1 O~ Pa and 12MO and 14500 K. 

In figure 6, the impu<ity )in~$ do not significantly increa.$e when the pressure is 

changed £);om 2 to 6, lO~ Pa. The line intensity is linear depending on the electron 

de(\sity a.$ long as the black body ceiling has not been reached. The continuum 

illtensity i~ proportional to the square of the electron density as can be seen in the 

figure. 

In figure 7, one can observe th<tt both the lines and the continuum inc~case due 

to the increase of temperature and electron denSity. 

}'rom the continuum measllrements, the free-bound Biberman factor can be 

extracted, After correction for the pressure J;a.ise due to the flushing, the measured 

values can be compared to the theoretical free-bound Biberman factors. l'hi~ is done 

in the following manner. The measured con\inullIn intensities have been caJc\ll~ted 
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using the transmission of the optical system. This transmission is obtained from the 

measurement at the arc condition of 20 A and 6.10~ Fa, as has been mentioned 

before. In this procedure the free-bound Biberman factor of Hofsaess at 12200 K has 

been used in the calculation of the theotetical continuum emissivity. Therefore, the 

transmission function of the optical system contains a quotient of the experimental 

and theoretical free-bound Biberman factor. This quotient is now also present in the 

calculations of the intensities at the other ,uc conditions. From the measured 

continuum intensities calculated in this aforementioned procedure, the free-bound 

Biberma.n fa.ctor has been e:dracted. 
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130 140 150 160 170 180 190 200 

wavelength (nm) 

The measured and thwretical free-bound Biberman factors. I'll. ihe 

figure, the ctlrws and the symbols reprC$cnt the following 

tcmpero,tures : ----- " 111200 K, . .. .. "18500 K and - - - -

+ 14500 K. The Cu7"IJfS are the values of HOf$aess whereas the 
symbols are the mec.S1,Lrements, 
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An absolute value cannot be extracted because in the transmission function the 

ratio of the experimentaJ and theNetical Biherman factor at 12200 K is still present. 

In figure 8, the measured and theoretical free-bound Biberman factors at 12200 K 

(2~l05 Pal, 13500 l{ (od~S Pal and 14500 (4.100 Pa) are shown_ The relMive 

agreement between the theoretical and measured free-bound Blberman factor is good_ 

In case of values at 14500 K still a small wa.ter a.bsorption is visible. Below 135 nm, 

the total a.mount of counts in the measurements does not a.llow any conclusions a.bout 

the absolute dependence of the Biberman factor a.s a function of wavelength_ 

10" 10% nitroQen 

10" 

:£ 
~ 10,j 
2) 
c 

0% nitrogen 

10" L--L __ ~~L-~ __ ~~ __ ~ __ ~~ __ -L __ ~~~~--~~ 

125 150 175 200 

wavelength (nm) 

FigJ) The intensity o/the cascade arc at 13500 K and 4.10~ Po, with 10% 

molecular nitrogen and without. Also the black body ceiiing at l3500 
K is sholl)n-

If certain part of the VUV emissivity needs stronger enhancement, one can 
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introduce impurity gases. In the figure 9, the change of inten$ity can be seen when 

10 % nitrogen is added to the argon gas. As a reference also the pure argon 

meaSurement and the black body ceiling are shown. 

The lines at 149.33 and 174.36 nm axe both ciue to resonance to two ground 

levels of the neutral nitrogen atomY The transition probalities are large and the Hncs 

are strongly broadened. The line wings give an increase of the emissivity over a la.rge 

range of wavelength as can be seen uom the figure. The continuum intensity slightly 

decrea.ses. In combination with the increaSe due to the Ene wings only above 160 nm 

the net effect is a decrease of continuum intenSity. Below 150 nm, the raise in 
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Fig.lO Tht influence of the pressure on the broadening of the nitrogen lines. 

The pressures are 2 and 4-105 Po.. The black body ceiling at 13500 K 
is sho1Jfll a.s a reference. 
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emissivity is more than a factor of two. 

In figure 10 the influence of the pressure on the broadening of the lines is shown. 

'l'he grollJ;l of lines at 119,33 om is stronger broadened than the lines at 174.36 

because the transition probability is larger, 5.5-10$ and 2.0< 108 s-l.lI 

The broad~ning of the lines increases with increasing pressme ,,~ expected, 

thereby raising the total intensity further comJ;lued to the mere increase of intensity 

when no additional nitrogen is present. 

CONCLUSWNS 

The measurements of the VUV emissivity of the cascad1) argon arC have shown 

that the arc is a strong VUV radiator whose intensity can be calculated in a gDod 

approximatio1\, Increase of pre~sure and/or cm,ent enhances the emi>sivity 

conSiderably in agreement with the emissivity theoty described in this paper. Further 

increase of the intE)n~ity at certain wavelength region can be achieved by adding 

impurity gases. With increasing concentration and pressure the l\ne~ get stronger and 

they broaden. Addition of nitrogen increases the intensity at several wavelength sites 

considerably (factor of 10) as a result of the wings of the broadened lines. Below 150 

nm, the intensity was raised with mOre than a factor two. 

The relative temperature dependence of the free-bound Biberman factors has 

been determined as a function of wa,velength in the spectral range from 135 to 200 

!1m. Below 135 nm, the amount of photon counts in the measurements wa.s not 

sufficient to obtain reliable results. The agreement between the measurements and 

the values of Ilofsacss is good. 
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ABSTRACT 

The constr\lction of a sp€)ctro5copic ellipsometer with a covered 

spectral range of 0,25 to 8.5 p.ffi is described. A cascaded arc )S \lsed as a 

light source. This source exhibits a large intensity over the complete 
wavelength range. Due to the pOOr extinction r"tio of wire grid pola.ri"crs a.t 

wavelengths smaller than 5 I.ml. the polarir.ing properties of the \lsed 

monochromator effect the measurements, ApplieS.lion of MgF2 Rochon 

prisms as polarizers is advisable. 
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INTRODUCTION 

Presently, spectroscopic ellipsometry is a. widely accepted experimental 

technique for the study of interfaces between two media. Numerous research gNUpS 

use the technique to study the surfa.ce of semiconductor materials. Mostly, the 

ultraviolet CUV) and the visible (vis) part of the spectrum is covered.1.2·3 In this 

spectral range, the behavior of the material under study is det~rmined by macroscopic 

effects. The two, for ellipsometry, most important optical parameters of the material, 

the refractive index and the absorption coefficient, are determined by the collective 

movements of the bulk of the charge carriers. The spectra.! va.iatiolls are broad. As a 

fortunate consequence, the needed spectral resolution is modest, Usually spectroscopic 

ellipsometers in this wavelength range use a short arc lamp, operated in xenOn or 

xenon/mercury. However, the light that is emitted from that llght SOurce may be 

slightly polarized. 4 Therefore it is orten necessary to place the monochromator 

immediately behind the lamp, and to operate the instrument in the dark. The ql.lartz 

envelope of this type of lamp limits the spectral range: in the IR the absorption of 

quartz increases dramatically. Conseql.lently, IR ellipsometers use a Globax or a 

Nernst source. 5 However, the emissivity of a source like that is poor: a thermal 

plasma like the one in the short arc lamps, has a much la.rger brightness. 

In this papel' we introduce a spectroscopic ellipsometer that covers the whole 

spectral range from UV to IR withOl.lt exchanging the light source or the othet optical 

components (except for the monochromator). As a light source, a cascaded aIC is 

used. A mOre detailed description of the arc construction is given elsewhere. 5 

Essentially, the pla.sma of a cascaded arc is shaped a~ a cylinder with a length of 2~ 

em and a diameter of 2 mm. This type of thermal plasma exhibits a very large 

brightness; the ~pectral intensity when observed end-on exceeds the intensity of the 
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aforementioned conventional light SOurces with several orders of magnitude. The 

spectral intensity of a cascade a,e has been described elsewhere. ~ Since BaP, is used 

as a window material, the covered spectral ,ange is 200 nm to about 10 micron. 

Because flat windows are used, the light is unpolarized. This makes it possible to 

place the monochromator at the end of the optical system, right bcCore the det"ctor. 

In the following, we will start with a detailed description of the ellipsometer, 

illCluding a more extensive description of the cascaded arc. Concentrating on the IR, 

some consider;;ttion will be given to the non-ideality of the polarizer" and to the 

consequences which that non-ideality may have on the way how the polari~ing 

properties of the monochromator may affect the spectral mt;;;t~urementS. Finally, some 

representative results will be shown. 

EXPERlMENTAL 

a: SummUi:l:IDg mtNduction 

The ellipsometer is depicted ~chematical1y in fig. 1. The light emitted by the 

cascade arc (He, visible and UV) is ca.ptured by lens L1, which converts it into an 

intense, almost parallel beam. The small aperture thus created is needed to be able to 

use a MgF l Rochon prism polarizer (P). Diaphragm D1 limits the size of the bea.m 

and makes sure that the divergence is less than 1 degree, which is the acceptance 

angle of the polarizer. The polarizer is rotating. Its orientation in the plane of 

incidence is calibrated by an optical encoder, which produces 256 position pulses and 

one lnde;:; pulse each revolution. The now polarized, parallel beam incides on the 

surface to be analyzed. After reflection, th," changed pol:uization is a.nalyzed with an 

analyzer (A), also a MgF2 Rochon prism. The angle which the polarization direction 
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of the analyzer makes with the plane of incidence can be changed with a stepping 

motor controlled rotator. 

IR Detector Shutt~r 

Filler Caroussel 

Chopper 

Polarizer 

Substrate 

Fig. 1 Schematieal view of the spectroscopic, ellipsometer. Lenses L1, L~ and 
£) are made of BaF2• Two monoch1"omato1"~ are used to select the 
wavelength range; one (Vis mon) in the visible wavelength range with 
a photo multiplier (PhM) and one (rR mon) in the lR wQ!velength 
range with a sandwich detector (IR detector). 

When measurements are needed at wavelengths larger than 7 micron, the 

polarizers are exchanged by aluminum wire-grid l?oIarlzer$ (BaJ:1 2l, For the smaller 

wavelengths the R.ochon prisms are preferable because of their muCh better polarizing 

properties-
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Afte~ having passed the analyzer the beam is directed either towards the 

infrared monochrom:l\or (Hl. mon) or towards the trY-visible monochromator (Vis 

man). The choice is implemented by installing or removing a mirror (Mirror), The 

light beam is focused on the entrance slit of either one of the monochromators by a 

BaF2 lens (L2 and L3). The detectors convert the intensity into an electrical signal. 

Par the UV-visible system an RCA IP28 photo multiplier tube is used. For the 

infrared (In lnfr(lred Associates sand wich detecto~ is used~ lnSb for the wavelength 

range 2.0-5.5 11m, HgCdT for wavelengths over 5.5 I'm. 

The Signals are sampled by a 12 bit ADC in an interface system based on the 

M68000 microprocessor. This processor, run under PEP, a Pascal-like interpreting 

language, S ta.kes care of the data reduction and is also used for the interpretation of 

the results. 

In the following some aspects of the setup will be discussed in more detail, 

b; The cascaded arc 

Conventlonal light somces for spectroscopic ellipsometry all have limitations 

and disadvantages in terms of intensity, aperture and polarization. In the 

introduction of this paper a number of them have b~en disGussed. Most of these 

limitations can be overcome when a cascaded arc6 is used as a light SOurce. The first 

author to describe a cascaded arC was Maecker. g In figure 2, the arc as we have used 

it is depicted. In prinCiple it consists of a narrow channel built up by the central 

bore~ Of a stack of water cooled, electrically isolated copper plates. A t the two ends of 

the channel the electrodes are situated; the cathodes and the anode. A current of 

several tens of amperes is dr~wn through the gas in the channel. Usually a noble gas 

is applied at atmospheric pressure. The vicinity of the conducting wall stabilizes and 
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constricts the pl<l~ma.: convection, expansion and turbulence are suppressed with as a 

result a very good st~bi1ity_ The average power density can be much larger than in 

free-burning Mes. 

Fig.2: The cascade arc. 1: window (LiF), 2: cathode (9)<), S: cascade plates, 
4: anode plat~, 5: anode insert, 6; gas inlet and outlet, 7: shutter, 
8; plasma/ga.s channel, 9: PVC spacer, 10: 0 ring, j 1: Boron Nitrite 
disk. 

A number or features of this arc cause it to be preeminently suited as a. light 

source for spectroscopic ellipsometry. If the arC is viewed end-an, a large length of 

emitting plasma is observed along the line of sight. In large-aperture sy~tems this 

would inhibit proper focusing, but in the case of ellipsometry (small apertures) it 

merely enhances the intensity. In Wilbers et aj1 it is shown that the spectral intensity 
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of the light emitted by a cascaded arc is much larger than the intensity ofaXe short 

arc o~ a GlobaL 

The window can be made of <lny solid ml>terial to suit the spectral range 

desired- In our case we have used BaF 2, which transmits between 110 mn and J.2 /lm

Fl,uthermore the window is flat, which makes it easy to fabricate. Hence, no parasitic 

polarization is indl.lced when the light exits the arc through the window. 

The construction and the operation of the arc are discussed in detail elsewhere. 6 

Here suffice it to mention that in our case the arc length is 5 em, the al'gon pressl.lre 

is 4 Bar, the channel diameter is 2 mm, the current is 25 A and the total a,e power b 

3_25 kW_ 

c: Optics 

As close to the atC window as possible a BaF2 lens (Ll) is mounted. The focal 

point is put in the center of the arC plasma. This letls captures the light emitted by 

the arc and converts it into an almost parallel b<:am_ A diaphragm limits the beam 

diameter to to rom in order to allow the beam to pass the RochOn polad"e, 

(Polari~er) which has a diameter of 12 mm- 'l'hc Rochon pri~m (Halle, extil\ctiotl 

10-5) separat<:s the beam into two parts: the ordinary b<lam and the extraordinary 

beam, polarized orthogonally. 'rhe ordinary beam is not deflected, the extraordina(y 

beam has a deflection of l L 20, depending on the wavelength_ 

After having passed the polMhel', the beam incides on the surface of the sample 

to be analyzed_ Since the beam is approximately parallel (apexture N 0_3 0), the 

distance from the polarizer to the substrate is irrelevant_ This facilitates 

implementation of the ellipsometer on a reactor for e.g. plasma processjng; in situ 

5t udies are possible_ 
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A diaphragm, placed just in front of the analyzer (Analyzer}, prevents the 

extraordinary beam of the rotating polarizer to reach the detection system. Like the 

polarizer, the analyzer also produces an ordinary and an exhaotdinary beam, 

polarized orthogonally. Here the extraordinary beam is eliminated by a. diaphragm 

just in front of the monoch~omator entIa.nce slit- A lens (L2 OJ; L3) with a Small focal 

length focuses the beam on the entrance slit of the monochromator_ 

The two Jobin-Yvon monochromatoIs have a focal length of 25 cm. The m. 

system contains a grating with 100 lines/mm, blazed at 6 pm. The UV /via. system 

has a grating of 1900 lines/mm, blazed at 500 nm. Both monochromators are 

computer controlled. 

It should be mentioned that the use of lenses is ra.ther unCOmmOn in a system 

with a spectral bandwidth this large. Usually mirrors are applied. In our case lenses 

can be used, in spite of the dispersion of the material they are made of- The 

dispersion causes a change of the focal length of the lenses with the wavelength_ Since 

we use small apertures however, this results only in a shift of the focal pOint in the 

cascade arc. Due to the large arc length this is not a. problem. 

As will be shown later, the signal to be e).'pected is a. cosine supe~jmposed on a 

DC level, the frequency of the cosine eq1}aling the doubled rotation frequency of the 

polarizer. The information needed in the data reduction process are the DC level, and 

the amplitude and absolute phase of the cosine_ Since the IR detectors are best 

operated at frequencies above 100 Hz, the information on the DC level of the signa.l 

has to be 'stared' in a higher frequency. Therefore the light beam is chopped. The 

chopper is mechanically connected to the rotating polarizer mount. The beam is 

chopped 32 times each revolution of the polarizer. Due to the mechanical. connection 

of chopper a.nd polarizer, the phase difference between the rotations of the chopper 

blade and the polarizer is constant, and needs to be calibrated only once_ 
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d: Polarization 

Th., unpolarized light emitted oy the cascaded ate is partially polarized by the 

polarizer, the sampk surface, the analyzer and the monochromator respectively. In 

order to calculate the detector signal as a function of time, the evolution of the 

polarization of the light as it passes the optical components has been calculated using 

the concept of Stokes vectors and MUller matrices.!o Because of its capability to deal 

with partially polarized light, this concept is preferred over the Jones matrix 

algebra.[~ 

The polarization change of a light wave relkctiug at a Sl)rface is characterized 

by the complex !:atio p of the (complex) reflection coefficients fp and r. for waves 

polarized parallel respectively perpendicularly to the plane of inddence~ 

(1) 

Here we have assumed that the surface does not depolarize the light. Usually the 

complex number p is expressed into two real, finite numbers, the ellipsometric angles 

~ and 11: 

p = tan( II!) exp(jt.) _ (2) 

The extinction ratio a of the polarizers is defined as the ratio of the 

transmission coefficients of light polarized perpel\dlcularly respectively parallel to the 

optical a,ds 0( the pola.riz~rs. It denotes the 'leaks' of the polarizers. Since the two 

poiarizers are identical, we have a~su-med the extinction ratios to be equal. 

Defining A and P a.s the respective angles that the polarization direction of the 
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analyzer and polarizer make with the plane of incidence (looking along the beam from 

detector to ~ol,ll'ce), USillg the :M:illler matrices -Mp I M. I M" .. I M"m of the polarizer, 

s<emple, analy~e:r and monochromator in their respective eigencoordinate systems, and 

using the rotation ma.trix I1(P) for coordinate rotation over an angle P, the 

(normalized) intensity of the light when it hits the detecto~ is represented by its 

Stokes ve~toI §.d: 

(4) 

where §i represents the normalized Stokes vector of the unpolarized light emitted by 

the arc: 

(5) 

The Mullet ma.trices of various pOlarizing components are conveniently listed in the 

book of Azzam and BMhara. 10 The first component of §.d yields the measured 

intensity I; 

&lID] = I(A,P,'Jt,lI,a) ". 

~ (HaY + (1-Dy~os(2A)cos(2P) + (1~a:)2sin(2A)sin(2P)$in(21P)cos(8) + 
- (1-cr2)cos(2P)cos(2'l') - (1-a:2)cos(2A)cos(21P) (6) 

In our case the polarizer is rotating with a.ngular frequency Wr ; 

(7) 
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whe,e 1[1 is the ph1t$e angle of P. A$~uming that the signal processing unit attenuates 

the pe,iodtc pa,t of the sigual a facto, 1) with respect to the DC level, and setting the 

polarizer angle to 45°, we get for the detector voltage Vd as a function of time: 

(8) 

where 9 is a nOrmalization factor. The Fourier coefficients a and b are functions of TI, 

cp, W, ~, 01, \jim , and ~m' They ca.n be calculated from equation (6) and (7) by 

substituting A -- 450, In order to elimina.te 'P a.nd 1), a calibration measurement is 

performed at A "" 00, In this case the detector voltage Vd •O equals 

(9) 

with the introduction of the calibration COnstants ao and bo, which depend On \jJ, 6., 

n, and On rp and '/), They can be evaluated from eq. (6) and (7) by substituting 

A "" 0°, Now the Fouder coefficients a and b a~e t~ansforrned to a~ and bo in order to 

eliminate the influence of '" and 7): 

0,0 = (aoa .~ bob) I (aa + bl) , 

be = (aob - boa) / (a~ + bij) . 

(10) 

(11) 

Xn a first approximation, the extinction mtio II of the polarizers can be taken o. It is 

then possible to calculate the sample parameters ~ and A !wm the cor,ected Fourier 

coefficients ac and be. The correctness of the assumption a " 0 will be di~c;\l~~ed later. 
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e: Data reduction 

The aJOl of the data reduction process is to extract from the signal as measured 

the Fourier coefficients /l and b. As already m.entioned at the end of section 2_3, the 

light beam is chopped 32 times each revoh.ltion of the polMizer in order to allow for 

AC amplification. The signal as measmed 1$ illustrated in figure 3, 

4 ,-----------------------------------------, 

3 

=i 
-E 
OJ 2 
S, 
'(ii 

o L-~~~ __ L_~~~~~~~ __ ~~~~ __ ~ 

o 

Fig. S The signal modulated by the. chopper. 

The detector signal is periodic with a frequency Wo '" 2"", the chopping 

frequency is Jo wo, and the sampling frequency is 128 Wo- In ptinciple, the information 

on the DC level is ~tored in the £,equency component 16wo. 

In order to be able to determine the Fourier coefficients a and b, two 

peculiaritie6 of the signal have to be eliminated: the arbitrary offset added to the 
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signal by the amplifiers and the unpredictable behavior of the points on the edges of 

the chops, This i~ done by subj~cting the digitized signal to a block transform. The 

phase of the chopper with respect to the pola,rizer rotation is tuned such that at t""O 

(defined by the index pulse generated by the optical encoder, section a) a.n edge point 

is located, If one period of the digitized signal is represented by Sa(i), i € {O,,127}, 

which may be the average of n~ successive periods o{ the signa.l Vd(t): 

then the block transform of Sa(il into SI(i) is described by: 

iE~5'6,7} + Bk 
iEl,2{3}+8k, 
iE 0,4J + 8k 

(12) 

(13) 

where k E {O .. 32}. In eq. 12 the delta-function 6(t-to) is used to represent the 

digitalization; ott-to) = 1 for t"" to, ott-to) = 0 for t t- to. The imprOducible poiuts 

at the edges of the chops are eliminated and the offset is corrected on a 

point-to-point basis, i.e. the signal values with closed Chopper {1,2,3} are subtracted 

frorn the signal values with opened chopper {5,6,7}. 4 point~ (half a. chopper period) 

later 

The ))orm;).lization factor 9 and the Fourier coefficients a, and b are calculated 

from the transformed signal S!(i) using Fourier analysis; 

127 

g= 2: 51(1) , (14) 

1.0 



91 

~ 
a = 2 .. /1(i) cos(211'i/128) I g, (15) 

1=0 

IH 

b = LS1(i) sin(2ti/128} J g. (l6) 

!. 0 
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RESULTS 

In order to test the ellipsometer a,n IR spectrum has been taken of an 

evaporated gold on glass, In figute 4, the ellip~ometric angle l' is given as a function 

of wavelength, The measurements h;).ve been performed uSing the wire-grid 

polarizer!, FOr compatison, also a small part of the spectrum as measured with the 

MgF~ Rochon prisms is presented. 

47 ,----~---------. 

46 

45 

44 ~~ __ -L __ ~~L-~ __ -L __ ~~ 

Fig. 4 

2 3 4 5 6 7 8 

wavenumber (micron) 

A measurem.ent of the ellipsometric a.ngle l' as a. junction of 

wa1lelength for a gold. evaporated substrate. Wire grid and Rochon 

prisms are u.sed, 

9 

Surprisingly, the spectrum as measured with the wl,e-grid polarizers is not 

~mooth, but it shows some pronounced wavelength dependence. The spectrum of the 

refractive index of gold a,s it is found in the literature does not show this kind of 
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pronounced wavelength dependence. Furthermore, >l)' exceeds 45 degrees in a large 

part of the spectrum. If the substrate does not show any stimulated emission, this is 

not possible. In general, the imaginary part of the refractive index of gold is negative, 

corresponding to a large absorption, not stimulated emission. Bence, \II should always 

be smaller than 45 degrees, These phenomena do not occur in the spectrum as 

measl1!ed with the Rochon prisms: lIt is smaller than 4S degrees, and the wavelength 

dependence is much less pronounced. 

From the aforementioned two phenomena, it is safe to conclude that in the case 

of wire-grid polarizers some parasitic polarization is affecting the measurements. 

Since neithel: the cascaded arc not the polarizers or the lenses are likely to exhibit any 

pronounced waveJeng.th dependent polarildng properties, the polarizing propertie$ of 

the monochromator have been investigated. The monochromator is modeled as a 

partial polarizer/retarder, characterized by two angles 1'm ?end 8 m, In order to be able 

to determine ~m and 8 m• two geometries have been applied, In the first one, the 

sample is eliminated from the light path, leaving a configuration of light source -

polarizer - analyzer - monochromator - detector. Subsequently, the analyzer and the 

monochromator are exchanged, leaving a confIguration of light source - polarizer -

monochromator - analyzer - detector. Combination of the results of these two 

configurations yields the spectra of the polarizer extinction ratio (mainly from the 

fir~t configuration) and of Wm and 8 m (mainly from the second configuration). In 

figure S the ~pectrum of the extinction ratio of the wire-grid polarizer6 is given. The 

spectrum agrees with the specification of the manufacturer. Figure 6 presents the 

spectra of W m and /lm· A close comparison of the figures 6 and 4 learns that the 

s);lectral dependence is identical. It is therefore $afe to attribute the spectral 

variations in fIgure 4 to the polarizing properties oi the monochromator. The 

non-ideality of the polarizers allows this parasitic polarization 
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Fig. 5 The extinction of the wire grid polarizers as a function of wavelength. 
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Fig. 6 1'he ellipSDrnetric angles of the monochromator from :3.8 to 8.5 jJ>m. 
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to affect the measurements. The safest way to eliminate this effect is by uSing the 

Rochon prisms whenever possible. 

As an example of the use of the ellipsometer as a diagnostic tool, the figures 7 

to 9 present some results on molecular vibra.tions. In figure 7, \'[I and t::. are given for 

an poly-dimethyl-silicaat (PDMS) film On a gold substra.te. The ellipsometric angle 

W shows an absorption peak, whereas t,. displays a dispersion. 

49 140 
..... -... ,.. .... .,. 

/ ) 

48 -/---- 130 --, , , 
47 , -, 

/~.,~ 
, 

120 , , , 
;;I- 46 , <I , , , 

110 

45 

~ 

100 
44 

43 90 
2 3 4 5 6 

wave len!;lth (micron) 

Fig. 7 A measurement of1/! and t::. for a pDIy-dimethyl-silic(L(J.t (PDMS) 
film as a jv,nction of w(Lvelength. 

Tills beha.vior corresponds to the spectrum of a harmonic oscillator.!! For 

another film, the figures 8 and 9 present W and t,. as meuured, and as simulated 

using a single-layer model ba.sed on harmonic o$cillator$_ By fitting the model to the 

measured data, One C:;tIl. extract the optical parameters of the film material. Figure 10 

depicts the spectral dependence of the film material as determined with the described 
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Measurement and lIitnulation ofW for an a-Si;H film. The 

measurement iii shown ali a broken curve and the simulation as a fu.1l 

curve. The simulation data can be found in table 1. 
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Measurement and simulation of tJ. for an a-SiB film. The 

measurement is shown as !J. btokdll cut1M !J.nd the sim-ulation as a 

dotted curve. 
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procedure. The relative peak strengths used to achieve the fit of the figures 8 and 9 

are listed in table 1. 

Table 1; Oscillator strengths of vibrational absorptions in an amorphous 

hydrogenated silicon film. The refractive index is 2,2, 

~ 
. ~ 
ti 
~ 
~ 

~e number SiHn group oscillator strength 

2000 em-! SIH 10'10"~ 

2100 em"! SiH. 40<10'4 

2140 em' l SiH3 7'<10,4 

2195 em-! Q.SIH2 15' ;0-4 

2245 em'! OO-SiH2 25'10-4 

2.23 0.00 

22 i 

............ , .. , 
-0.01 

"'~"'\ 
i 
I 2.20 -0.02 / .. \ . 

/ \..,. ....... i 
\j 

2.18 -0.03 

2,17 -0.04 

2.15 '-----'-----'----~'---------' -0.05 
1900 2000 2100 2200 2300 

wavenumber (em-') 

Fig.! 0 The simulated refractive index and absorption coefficient 

corresponding to the 'Jr and .!l of figures 8 and 9. 
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CONCLUSIONS 

We have shown that a cascaded arc is well suited as a light sOurce for 

spectroscopic ellipsometry. The poor extinction ratio of the wire-grid polarizets, 

which are normally used in the HI. region, <LIlOW5 the pohl.rizing properties of the 

monochromator to affect the measurements. It is therefore advisable tD use MgE'2 

RochOn prisms instead. The spectral dependence of the absorption by molecular 

vibration~ is well described by the concept of hamlOnic oscillators. 
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ABSTRACT 

We h:).ve investigated the photon enhanced deposition of amorphous 

carbon fllm~ from toluene vapor condensed on a cooled substrate. In 

particl"l::tr th" dependence on the photon energy has been subject of this 

\'INk '1 he photon energy is selected by ,-hanging the fil~ers; pyiex (below 

3.2 eV), quartz (below 7.5 eV) and VF (below U eV). Por the pyrex 

determined photon range a film is grown with a low growth rate in spite of 

the large number of photons incident on the condensed tottle/le. This film 

shows no detectable vibrational a.bsorption$_ In the intermediate quart~ 

determined photon range with photon energies above the dissociation 

threshold the deposition rate is significantly larger (35 nm/hour) and shows 

two prominent absorption peaks attributed to olefinic CH~ groups_ If the 

LiF determined photon range is added, with photon energies partly above 

the ionization threshold, the deposition rate is again increased to 95 

11l"(I/hour despite the Small number of photons which ar~ added by changing 

to the LiF range. In the~e film~, several vibra.tional absorptions arc present 

dominated by those of CH,. 
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INTRODUCTION 

The use of thin films has become widespread in many industries. One of the 

materials of which thin films can be made )5 carbon, Carbon films are used for 

instance as anti reflex coatingsl and for modifying surface properties. 2 Various 

techniques are used to obtain these carbon b;u;ed thin films, Plasma enhanced CVD, 

sputtering1 and expanding arc plasma' ale among them. The film properties may 

vary considerably. Amorphous carbon films with a high hydrogen content are 

produced often within the same setup as diamond like o~ graphite films- M.o A lot of 

research has been devoted to a better understanding of the basic processes which lead 

to the formation of carbon based thin films. Could this understanding of the processes 

at the surface be improved, then a relation could be obtained between desired 

properties of the thin film and the required composition in radicals and iOns of the 

plasma formed fluxes incident On the surface. 

At the surface an adsorbed layer is formed under the influence of fluxes of ions, 

atoms, radicals and fragments of molecules, under certain conditions of particle 

fluxes, particle energies and substrate temperature a thin film grows. Which of these 

fluxes is responsible in itself or in combination with other fluxes for the deposition 

reaction is still largely unknown_ Photon enhanced deposition could offer mOre insight 

in the deposition process. Vacuum ultraviolet (VUV) radiation can ionize and 

dissociate whe~eas ultraviolet (UV} and visible radiation can only excite Or dissociate. 

lnfrared (IR) radiation can only heat the surface layer Or vibrationally excite the 

adsorbed radicals. It is how€"Ier difficult to obtain a powerful light source in such a 

broad wavelength range_ Lasers axe very powerful, but radiate only in small 

wavelength areas_ More than One laser is needed to switch from VUV to lR. Tunable 

lasers do not cover the wavelength range from VUV to IR with one pump l;u;er or 
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dye. Recently, we developed a light sOurce which COverS the wavelength range from 

the VUV to the IR. This light source is based on a wall stabilized a,c originally 

designed by Maecker. 7 A thermal argon plasma is pwdllced at a temperature of 

approximately 13500 K The construction and the continuum emission of the Me are 

treated in several publications. 6.o.to The wavelength range (0.115 to 7,5 /km) i~ 

determined by the window material, LiF. In this pa.per, we study the deposition of a.n 

amorphous carbon film from toluene vapor. Toluene is chosen as the SOurce for the 

carbon and hydrogen bec:),use its ionization energy of 8.5 eV is in the energy range of 

the photons emitted by our light soutce. Dissociation of one of the hydrogen atoms in 

the methyl group attached to the benzene ring can already take place at 3.7 eV.ll 

Toluene was condensed on a cooled substrate in a vacuum system which was kept at 

a pressure of several mbat (10· Pal. The photon energy of the radiation which is 

allowed to enter the vacuum is selected using sever",l filters. Quartz is opaque for 

radiation below l65 nm (7.5 eV). Pyrex transmits radiation with a. wavelength above 

380 nm (3.2 eV). First, the experimenta~ setup is discussed which was used in the 

photon enhanced deposition of the a.morphous carbon films. Then, the experiments 

are discussed and finally SOme conclusions will be drawn. 
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EXPERIMENT 

In figure 1, the setup is shown which has been used in the photon enhanced 

deposition of the amorphous cubon films. 

Substrate 
I.-------------~ 

Fig. 1 The e:EPttimental setup wed in the deposition of the amoT'[Jho'US 

carbon films. An argon plasma se1'1Jes as a light $Ollrce. The substmte 

is temperature Gontrol1ed and is placed inside a vacuum vessel which 

i~ pumped by a set of roots pumps. Toluene vapor is injected in the 

vacuum vessel. A neutral argon beam expands into the vacuum 

system and tra'T!$ports the toluene molecules toward.'l the cooled 

substrate where they condense. 

The light source (Arc) is connected to a £iter box (Filter). A lens made of LiF 

(focal length 50 mm) is used as exit window. In the filter box a quartz or pyrex mter 

can be mounted which blocks radiation with wavelengths smaller than 16S nm and 

380 nm respectively. The filter box is connected to a channel mounted to a vacuum 

vessel. The light is focused in the mjddle of this channel which has a diameter of 4 

mm. The light diverges again to the sub.trate where a. spot is fotmed of 
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approximately 1 cln!. At a diwl.TI~e of 10 em from the channel a temperature 

controlled substrate holder is ~itu"'ted. The tempel:ature can be set between + 30 oc 

and - 40 DC. Gold coated stainless steel substrates are used. The gold coating is \lsed 

to enable the analysis with IR spectroscopic ellipsometry. Toluene gas is injected in 

the vaCuum vessel through a capillary in the vicinity of the substrate holder. The Dow 

of toluene Can be adjusted with a piston pump (Waters 590) from 0.001 to 20 ml/min. 

A flow of argon is directed thrOllgh the tube mounted between the filter box ::md the 

vacuum vessel towards the substrate and transports the toluene molecules to the 

surface of the substrate. The background pressure is adjusted with a stepping motor 

controlled valve located just above a combination of two roots blowers. 

RESULTS 

As a function of p(essuJ:e and substrate temperature, seve,al deposition 

~xperimcnts a,e performed. When deposition occurs. condensation of toluene is 

ob~erved aud vice versa; when no condensation of toluene is observed, no deposition is 

obse~ved. As the pressure decreases, the temperature of the substrate has to deCrease 

also to obtain condensation. '1'he condensatiou of toluene On the substrate is therefore 

concluded to be an essential requirement to achieve deposition in the present 

e>:pedm.ental setup. As standard settiIlgs during the following measurements - 20°C 

substrate temperature and 2.5>10. Fa background pressure are used. A flow of 25 

>ee/s argon gas is used to transport the toluene molecules towa.rds the S1lbstrate. Also 

this forms a. necessary requirement to obtain deposition. A set of measurements of 1 

hour duration with the aforementioned settings are performed. 

The LiF lens defines the transmitted photon range from 115 nm to 7.5 micron. 

With a quart? or a pyrex filter, the photon range will be limited from 165 nm to 2.5 
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micron a.nd from 380 nm to 2.5 micron respectively. The films have been analyzed 

with IR spectroscopic ellipsometry. 12 With this technique, infrared vibrational 

absorptions can be detected. Also the thickness, refractive index and absorption 

coefficient can be determined. From a measurement with the spectroscopic 

ellipsometer the two ellipsometric angles are obtained, ~ and D.. Vibrational 

absorptions are expressed as positive Or negative peaks in ~. Oscillator strengths, 

thickness and refractive index can be extracted by simulation of: the experimental w 

and t:..l~ In figure 2, a measurement or ~ is shown. The IR vibrational absorptions of 

carbon/hydrogen bonds absorb in the wavelength range from 3 micron to 14 micron. 

The spectroscopic ellipsometer is used in the wavelength range from 3 to 4.2 micron. 

This corresponds to a wave number range from 3300 em"l to 2400 em"l. In this range 

the vibrational absorptions of CH,., grou:ps are due to the stretching of the bonds. 

Below 3025 em"l, the absorptions in this wa.ve number ra.nge are originating from 

42.00 ~--------~---------------, 

(] 

~ 
O! 41.50 
ill 
:g 

41.00 ~ __ ~ ____ -L~ __ ~~ __ L-__ ~ __ ~~ ____ ~ __ ~ 

2700 2900 3100 3300 3500 

Fig. 2 Measurement and simulation of~ obtained with the IR spectroscopic 
ellipsometer. The dashed curve represents the measurement and the 
ftJll curve the simulation. 
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Mea.surem~nt and sim,1.tlation o/the ellipsometric angle 6.. The 

measurement is shoum as a dashed curve and the $imltlation as a full 
curve. 

olefinic (not a.ttached to bel\~el\e tlngs) CR" groups,l) At 3060 ern"l an absorption of 

aroma-tic eH is located. I. 

In table the simulation data of figures 2 and 3 are shown. 

Table 1; Oscillator 3trengths of the vibrational absorptions in figure 2. The 

thickness is 207 nm and the refractive index is 1.6. 

wave number CH" group oscillator strangth 

~O60 om-! CH 5' 10-4 

2850 em-! CH2 12'10"~ 

2920 em-! CH2 20' 10-4 

21375 om"l CHj 2' 10-4 

2970 om-l CHl 2'10"4 
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Analysis of figure 2 shows that the following bonds are present in the film . The 

CH2 absorptions at 2850 and 2920 em -1 ( sp 3) and the CH 3 absorptions at 2875 and 

2970 cm -1 (Sp3). Also, a trace of the mentioned CH absorption band is present; the 

oscillator strength of this peak is a factor of 4 weaker than the strength of the CH2 

bonds. The strength of the CH 3 is a factor of 2 smaller than the CH bond. The 

relative magnitude of the CE 2 peaks is almost the same in the films obtained with 

LiF or quartz in the light beam. When pyrex was used as a filter no vibrational 

absorptions could be distinguished. With a scanning electron microscope (SEM) the 

surface morphology has been examined. In figure 4, one example is shown. 

Fig. 4 SEM photograph of the surface structure of an amorphous carbon 

film . The surface morphology is similar to the one that occurs with 

columnar growthl4 The magnification is 5000. 
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The observed surface morphology is similar to the one observed for columnar growth 

of amorphous matcrials.l4 The magnification of the SEM photograph is 5000. 

The growth rate has been calculated using the thickness obtained from the 

ellip~ometric measurements. The selection of the photon energy has a strong effect on 

the growth ratc With no filters in the light path the growth tate was 95 nm/hour. 

With the quartz filter the rMe dtopped to 35 urn/hOUr. The pyrex filter lowered the 

growth ra.te further to below 20 nm/hour_ The emission of the light SOurCe in the 

VUV is limited to certain wavelength regions due to absorption of the VUV emissi()n 
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The intensity oj the cascade arc (arc current 60 A, arc press1J.re 

6.105 Pa) as a function of wavelength ~etween 1 SO and 200 nm The 

absor-ption of the radiation by water vapor extends from 180 nm down 

to 130 nml ! From 160 to 170 nm a btoad maximum is present IIJith 

an absorption coefficient of 100 percent. 
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by water VapOl: in a part of the light source (with Dushing of the light SOurCe this has 

later been eleminated10). tn figl,lre 5, the intensity of the casca.de arc as u~ed jn the 

deposition experiments is shown in the wavelength region from 130 to 200 nm.IO. The 

VUV absorption by water vapor has a broad maximum from 160 to 170 nm. Towards 

185 nm the absorption vanishes. From 160 nm towards 140 nm the absorption 

decreases from 100 percent to 20 percent.l~ 

From figure 5 the number o{ photons in a certa.in wavelength area can be 

calculated. The intensity for waveJengths larger tha.n 200 nm can be calculated uSing 

the procedure mentioned iu reference [8J. The intensity is shown per emitting area, 

wavelength range and solid angle. The emitting area of the cascade arc is 3x10-e m~ 

a.nd the solid angle 3~10'3 Sr. In table 2 the number of photons h shown together with 

the photon energy and wavelength range. 

Table 2: The number of photons per second in the different wavdength 
ranges determined by the used filters and window material. Quartz is 
transparent from 165 nm to 2.5 micron, whereas the transparency of LiF 
extends from us nm to 7.5 micron. To obtain the total 7J.\l.mber of photons 
in the quam and LiF ddermined wavelength range the values in the tables 

have to be added in the appropriate way. 

filler 

pyrex 

quart:. 

LiF 

added 

energy 

range (eY) 

3.2 0.5 

7.5 3.2 

11 - 7.5 

added 

wavelength number of 

range (nm) photons 

j80 2500 1 Q1~ 

165 380 1017 

115 165 1014 

In the region from 9 to 7.7 eV 1014 photons per second are emitted by the arc with a 
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me;Ln energy of 8,5 eV and focused in a spot of 1 cm2, Between 7,7 eV and 6,9 eV 

(from 155 to 180 nm) the water traces absorb almost all the light emitted by the arc, 

Below ().Il eV, the light can enter the vaCuum system without absorption, The used 

qU;Lrtz fllter then distinguishes between photon energy above 7,6 eV and below 6,9 

eV_ In the energy range from 6,9 eV to 3,2 eV roughly 1017 photons per second are 

emitted by the arc_ From 3,2 eV to 0,5 eV, corresponding to a wavelength range from 

380 nm to 2,5 micron, 10 22 photons per second are emitted, 

CONCLUSIONS 

The condensation of toluene on the surface is an essential prerequirement to 

obtain deposition of a-CoR in the pcesent experiment. 

The photc)ll enhanced deposition of a-C:H films from toluene vapor shows 

clearly that energy of the photons is important in the deposition process, When the 

tr:).usmitted photon energy is increased from 7 eV to 10 eV, the increase in number of 

photons is negligible, 1014 increase compared to lOa PCI: second_ However, the 

deposition tate increases from 35 nrn/hour to 95 nm/hour, 

The relative magnitudes of the IR vibrational absorption peaks of the CH2 

bonds are almost the same when LiF and quartz are used to select the photon range_ 

No vibrationa.l absorptions could be distinguished when a pyrex filter was used, 
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A13S'X'RAC'l' 

We have produced amorphous hydrogenated silicon (a-Si;H) films 

from silane with an unconventional deposition technique, a supersonically 

expanding DC a.rc pla.sma._ The deposited films are a.nalyzed ma.inly by 

using spectcoscopic iMIared ellipsometry. Further analysis has been 

performed with scanning electron microscopy, infrared absorption 

spectroscopy and in sit-u He-Ne ellipsometry. The film structure appears to 

be strongly linked with the ionization degree of the expanding beam, the 

injection location of silane gas, the dissociation degree and the percentage of 

the injected hydrogen gas_ Deposition at low arc power results in films of 

po\ysilane, which are very sensitive to oxidation during air exposure_ 

Without hydrogen irrjection, films with a high refractive index and low 

hydrogen content are obtained (below the detection limit of the IR 

traMmission spectrometer:)_ Hydrogen injected in the middle of the pla.sma 

arc results in a-SUI films with a refractive index of 3.75 at 632 nm; this 

value is close to the indices of the best films obtained with pla.sma. enhanced 

chemical vapor deposition (PECVD). The strength of SiH stretch bonds in 

these films is equal to the strength of the SiR. stretch bonds_ Becallse the 

bending absorptions of SiH 2 at 860 and 890 em -[ are not detected in the 

produced films, it i~ concluded that the 2085 em' l absorption peak in our 

films is caused by SiR rather than by SiH 2-

As in PECVD, the optimum substrate temperature at which films of 

good quality are obtained is in the range o( 525 to 575 K. 

The deposition rate is in the order of several nm/s-
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INTRODUCTION 

The deposition of thin films of amorphous hydrogenated silicon (a-Si:H) is one 

of the steps in the production of devices such as solar cells or large LCD displays_ 

Common deposition techniques axe chemical vapor deposition (CVD). plasma 

enhanced CVD (PECVD), photon enhanced CVD and sputtering.' The PECVD 

technique is used in nearly all technological applications where a high quality 

semiconductor material is desired, whereas the other techniques are appli~d in more 

exploratory research. The deposition rate is typically in the nm/s range Or smaller_ 

We have produced the a-Si:H fllms with a supersonically expanding DC arc 

plasma_ 'l'his deposition system is based on a principle which was used first to d~poiit 

carbon baJ;ed films ranging from diamond to graphite and polymer like ca:rbon.2 In 

that system depositlon rates of 200 nm/$ were achieved over large axeM (lOO cm2) fot 

polymer like and diamond like carbOn fllms 3•4 and 600 nm/s for graphite fllms (small 

areas, several cm2).5 This new method is based on the geometrical separation of 

production and transport of the particles which are used in the deposition process. In 

a thermal argon plasma with a temperature of approximately 1 eV, the injected 

molecules are dissociated and ionized. In the resulting supersonic expansion, the 

particles are transported towards the substrate. The particles are usually atoms, ions 

and fragments of molecules_ The substrate can be heated, cooled Or a bias voltage can 

be applied_ The energy of the argon ions which arrive at the surface of the substrate is 

of the order of 1 eV. Because the iOn energy in the present deposition techniCllle is 

substantially lower than the value in a RF plasma {3D eV),5 it is expected that no 

argon is incorJ;lorated in the films. 

Analysis of the carbon films produced by the method described above with 

techniques such as Raman scattering, Auger electron spectroscopy, X~ray photo 
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electron specttoscopy, Rutherford backscattering and visible spectroscoplc 

ellipsometry? showed th"'t in spite of the high deposition rate the quality was good-

The aim of the present paper: is to present the IR ellipsomet,jc results on the 

first a-Si:H films obtained in a new specific silane deposition apparatus in which the 

mentioned deposition technique is used_ The study of a-Si:H can be carried out with 

various techniques, In several review articles and books 8,9,10,\I.12 techniques such as 

EXAFS (extended X-ray absorption fine structure), nuclear magnctlc resonance, 

co(e----level X-tay photo emission spectroscopy, visible spectroscopic cl.llpsometry, 

photo conductivi\y, dark conductivity and infrared abSNption spectroscopy are 

discussed_ Research has shown 1,9,IO,Il,12 that the concentration of hydrogen in the 

films and the way it is bound to the silicon atoms are related to the electronic 

properties of the films. 

Infrared absorption spectroscopy is well suited to detect and distinguish 

between the various silicon hydride groups_ The teChnique which is normally used to 

m~a~un: the absorption bands of silicon hydrides i~ tran,mission spectroscopy. A 

disadvantage of this technique is the need for thick films (typically in the order of 

micron~)_ We u~ed spectroscopic ellipsometry to inve.tigate the absorption due to the 

stretching vibr::ttion~ of the SiH and other silicon-hydrogen bonds. The advantage of 

this method, compared to transmission spectroscopy, is the ability to analyze thin 

films. The thickness may range from several nm up to several microns_ Drevillon et 

aP3,14 used this technique to analyze ultra thin films. As mentioned above, so far we 

have only investigated the stretching vibrations. The vibrations due to the wagging, 

rocking or bending of the bonds between silicon and hydrogen are loca.ted in a wave 

number range which is outside the respon5ivity range of the presently used system 

(1100 em-! to 4000 em -I). Besides information on the stretching vibrations, the 

ellipsometer can also be used to measure the pseudo index of refraction, the 
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absorption coefficient and the thickne~~ of the mm under study. Pseudo refractive 

indices are used in a.na.logy with the pseudo dielectric function.IS 

We will briefly discuss the deposition apparatus and the used spectroscopic 

ellipsometer. Then the results are presented for the first films pIOduced with the 

deposition system. Finally we discuss these results. 

EXPERlMENT 

In figure 1 the deposition apparatus is depicted schematically. The vacuum 

chamber is a cylindrical vessel (1.15 m length aJld 0.5 m diameter) with a substrate 

support at one end. 

Argon 

Plasma 
Hydrogen 

Lolildlock 

Fig. 1 Schemo,tico,l view of the silicon d~position o,ppamj'Us. The gas 
cylind~rs as 'W~1l1lS th~ roots pumps system are located in a dedicated 
building outside the laDoTa.llJ'iY. Th~ complete deposition apparatus ill 
computer controlled. 
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The substrate support extends 0,5 m into the vacuum vessel. 'rhe axial length of 

the va,llum vessel can be reduced to 0,8 m by removing a ring of 0.35 m length, The 

substrate support can be heated and the temperature is measured by thermocouples, 

The substrate holder is not heated significantly by the plasma hearn, A inneasc of 20 

K occurred after 5 minutes with a plasma current of 40 A, The system is pumped by 

a series of two roots blowers a(\d a ,otary pump (pumping speed is 2600 m3/h), A 

IMge turbollloleculM pump is used to maintain high vacuum (10-4 Pal when no 

dcposiLion takes place. At the other end of the cylindrical vessel, a wall stabilized DC 

arc is mounted. In this wall stabilized arc, a thermal argon plasma is produced at 

about 12000 K and 4<10 4 Pa (0,4 Bar). The p,ecise va.lues of the temperature and 

pressure depend on the current alld the gas flow through the arc_ The arc consists of 

three cathodes and an anode separated by a stack of electrically isolated copper 

plates. The cOrlstructioCl of this arc is t,eated in detail in Kroesen et aU! The argoCl 

carrier plasma is allowed to expand supersonically in the vacuum vessel through a 

conically shaped hole in the anode. In the arc, the gas is accelera.ted to sonic velocity 

in the a.node (nozzle) followed by a supersonic expa.nsion. After severa.l centimeters a 

~hock occurs: the velOCity of the plasma is reduced to a subsonic leveL The subsonic 

be<l.m reaches the substrate with a vt:locity of approxima.tely 1000 ms"l and with a 

temperature of about 2000 K. Just outside the nozzle an argon/silane (10:1) mixture 

is injected into the bearn, Due to the high temperature and high electron density of 

the expanding plasma beam, the silMe is dissociated and partially ionized, In the arc, 

just before the nozzle, a hydrogen flow can be injected into the plasma_ 

The substrate support consists of a fixed part with a heater and a removable 

part on which the substrates are mounted, The latter part is u6ed to insert the 

substrates into the vacuum system through a load lock. The load lock is pumped with 

a tu,bornolecular pump, The loa.d lock is used to prevent contamination of the 
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vaC11um system with oxygen, nitrogen and wate~. When the samples are taken in Or 

out of the load lock system, the load lock system is vented with rugh purity argon. 

The substtate support is designed to hold one large wafer of 10 CIl'! diameter or 

five different samples of 2.5 em diameter. We used quartz, gold coated qnartz, gold 

coated copper, gold coated steel, stainless steel, sHver and crystalline silicon 

substrates for our deposition experiments. Although gold is known to form sHicides, 

we used it for its good infrared reflectance. The diffusion length of gold into si4con 

films is at temperatures below 700 K smaller than 0.5 nmY This is negligible 

compared to the thlcknesses of the produced films. In table 1, a short overview is 

given of the experimental settings used in our experiments. More detailed information 

concerning the silicon deposition apparatus can be found in Meeusen et al. 18 

Table 1: A short oveY'1liew of the experimental settings. 

Variables 

Are current 20 - 80 A 

Temperature In the a,c 11000-14000 K 

Anode-cathode VOltage 55 - 120 V 

Pressure in the arc 4x104 fa 

Plate Ihlck~e$$ 5 mm 

Number of plates 10 

Space between the plates mm 

Length of plasma channel 60 mm 

Channel diameter 4 mm 

Argon flow 60 SCC/$ 

Background pressure 10 Pa 



122 
---.. ,--~---------------------~ 

SPECTROSCOPIC ELLlI?SOME'l'ER. 

The spectroscopic ellipsometer is shown in figure 2. Detailed inform~tion about 

the ellipsometer can be found in Kroesen et al.l9,2Q The light source used in thb 

el.lipsomcte( is a casca.de a.rc. The use of this arc enables us to use the ellipsometer 

from 200 nrr\ to 8.5 micron due to the high brightnes5 (therma.l pla.sma of 13500 K, 

pressure 4,5.105 Pa),21 The light emitted by the arc is not polarized. 

Fig. 2 

Polarizer 

Substrate 

&2"'IDO" 
PhM 

Schematieal view of the ~pedro~,opi, ellipsometer. The polarizer 

'rOtates with a freQuency of so Hz. The analyzer is set at an an.91e of 

45 degrees with respect to the plane of incidence. The lR detector i~ a 

InSbjHCT detector which operates from 2,5 to 8.5 micron. The 

detector at the visible monochromator is a. photo multiplier_ 
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The pOlarizers are MgF2 Rochon prisms. The ellipsometer is :placed in a dry air 

filled box to eliminate water and carbon dioxide absorptions. These absorptions could 

otherwise hamper measurements in certain wavelength ranges. 

Essentially, the ellipsometer measures the effect of a thin layer on the complex 

ratio (p) of the reflection coefficients of light polarized parallel (rp) and perpendicular 

(1's) to the plane of incidence. 

p = r., / r~. 

Because only the ratio is measured, the ellipsometer is relatively insen~itive to 

absorption in the light path, This ,aHa C~ also be expressed as 

p '" tan,*, eill 

where,*, and t::. are the well known ellipsometric angles. These >It and 6., which are 

obtained during an ellipsometric measurement, can be related to the physical 

parameters n (complex index of refraction) and d (thickness) of the laye~. If the layer 

is not transparent (i.e. the impinging radiation does not reach the substrate), n can 

be easily calculated from * and t. (semi-infinite layer), This is only valid jf the 

influence of sUl:face l:oughnes~ and top hyers is smalL If the layer becomes 

transparent, we used a model described in Kroesen ~t (l,11~ to obtain from 'V and 6. the 

complex index of refraction n and the thickness of the layer d by simulation of the 

measured spectra. In the Case of a transparent film, the impinging light beam reaches 

the substrate. After reflection at the substrate-£ilm interface, interference occurs with 

directly reflected light. Spectral rnodulation~ ~t~l.rt to occur in II' and t;. H the pseudo 

index of refraction n is calculated di,ectly from this II' and .6. using the formula for a 
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semi-infinite substrate, n is also modulated. 
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The psetldo index o/refraction as a function of the photon energy 
calculated with the assumption that the film is not transparent. It is 
clear that this aS$1,I.mption is not valid below 2.5 e V. 

An example is shown in figure 3. From the distance between the inte(£erence 

peaks and the extrapolation of the pseudo index of J;efre.ction, a fast estimation of the 

thickness can be obtained; 

where dE is the energy difference between two interference peaks, <Po the angle of 
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incidence and h the COnstant o{ Planck a.nd c the velocity of light. This estimation of 

the thickness from the visible measurements is used in the simula.tion of the spectral 

interference of A in the la. With this simulation l!Jl accurate value of d and n can be 

deduced from the IR measurements. 

As mentioned befo~e, the ~dractive index is calculated from the measurements 

in the IR (5 micron). The influence of the sudace roughness on the calculation of the 

refractive index is hete small because the wa.velength is much longer than the typical 

surface structure. 

Infrared vibrational absorptions in the film are tepresented as pea.ks in '¥. The 

magnitudes of these peaks in I};' depend on the slope of t::. and On the film thickness, 

The signs of these peaks can be either positive or negative. If an absorption is located 

at a top in the interference pattern of A no peak in '¥ can be observed. For 

convenience, we choose to show all peaks in W in figure 5 in the negative direction. 

The vibra.tional absor:ptions Can be characterized by an harmonic oscillator strength 

and a width. The oscillator strength is calculated by simulation of the measurements 

using the following expression fOr the dielectric function 

where e.(w) is the complex dielectric function, ' .. the continuum contributions to the 

dielectric function, Ii the oscilla.tor strength of a. vibrational absorption, Ti the width 

of the pea.k, WOi the frequency of this vibrational absorption and W the frequency. The 

oscillator strength is defined here as 
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where Ni is the number of oscillators per volume, e" is the effective chal;ge of the 

oscillator, eo is the pel.'mittivity of vacuum, m the reduced mass of the osciUa\o( and 

Wo the frequency of the oscillator. In figure 4, a measurement and simulation of 

several IR vibrational absorptions is ~hown. 

46r-------------------------~--------------, 

45 

(iJ 
<l> ... ~ 
Q) 

0, 

;Q 
~ 44 

43L-~~~~--~~~~--~~~~--~~~~ 

1900 2000 2100 2200 2::300 

wave t"ll.Jmber (em-') 

Fig. 4 A measurement and simulation of several IR vi~rational a~sorptions 

expressed in w. The measurement represents sample nr 55. 
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RESULTS AND nrSCDSSlON"S 

The samples which are analyzed are the first a-Si:H samples produced with Our 

deposition tech.nique. We varied four of the experimental conditions: substrate 

temperature, the distance between substrate and arc, arC current and hydrogen £tow. 

The other experimental conditions we.e kept constant. The pressure inside the arc at 

the cathode side was about 4KI04 Fa. The argon £tow through the arC was 60 see/s. A 

small flow of 0.3 scc/s SiH4 in 3 scc/s argon was injected into the expanding beam. 

The background pressure in the deposition chamber was 10 Fa. 

We performed five series of experiments_ The deposition parameters were 

changed in order to vary the dissOciMion degree of the silane gas, the substrate 

temperature and the concentration and dissociation degree of molecul .. r hydrogen. In 

case of a pure a.rgon plasma, the ionizatiOn degr<*! of the plasma is between 1 a.nd 10 

percent depending On the current through the arc. In the expansion rone, the 

ioniza.tion degree is approximately homogeneous throughout the plasma if no 

additional gases a.re injected. a The first part of the expansion is supersonic. The 

tempe!'atu.e is lowered from a.pproximately 1 eV to 0.5 eV (exact values depend on 

the c\lIrent through the arc). After several cm a shock occurs and the plasma. is 

heated again. After the shock the plasma beam expands subsonically with slowly 

decreasing denSity (1019 m"3), velocity (1000 m/s) and temperature (1500 - 3000 K) 

in case of a pure argon beam_ The time of £light from arc to substrate is about 1 ms_ 

The seed gases Can be injected in three locations; in the arc, in the nozzle and in the 

expan~ion zone_ In the first two, the available energy is the highest. However, 

imm1<diate complete dissociation of the silane OCCurS which can be followed by 

deposition there and an obstruction of the injector. This can not be permitted in view 

of the safety precautions_ If silane gas is injected into the subsonic zone of the 
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expansion aft~r the shock, this disadvantage of possible obstruction is not pre~ent as 

the pressure is much lower. Several di"ociation paths are available, (dissociative) 

charge exchange with argon iOns followed by di~~ociative recombination, vibrational 

excitation by iOns and hot atoms followed by dissociation, excitation by VUV 

radiation emitted by the arC and the dissociation paths involving electronS. In the 

travelling subsonic beam, successive interaction with argon ions and atoms can 

dissociate the silane to Sin), SiH3 to SiH~ and so on until no ions or atoms are 

available Or the silane is completely dissociated. 

The first series of expedments was devoted to investigate the inDuence of the 

substrate temperature. In CVD techniques, the substrate temperature at which the 

optimum a-Si:H is produced, is between 500 K and 600 K. Our temperature scan 

ranged from room temperature 10 625 K. The distance between the a,c and the 

substrate support was 0.85 m and the arc current was 30 A. In figure 5 the absorption 

peaks in the cllipsomelric angle 'II are shown for samples produced at 300, 355, 500, 

Table 2: Oscillator strengths, psev.do refractive indices and deposition rates 
as a junction oj J1f.bstrate temperature. The wave numbers are in em-i. 

sample 

10 

llb 

12a,1 

1201,2 

20a 

16 

T 

K 

300 

355 

500 

570 

625 

oscillator strength (/10-4) 

2000 2100 :2140 21 eo 
SIH 

3.5 

14 

12 

34 

50 

12 

eo 
20 

SiHa 

12 

7 

10 

7 

10 

6 

8 

Indel( rate 

2240 rlm/s 

14 1.73 

2.1 1S 

2.0 5 

22 

2.1 5.5 

14 2.0 5 



::i 
S 

129 

35SK 

500 K SiH 

570K 

625K 

(1 (em'l ) 

Fig. 5 The dlipsometric angle W as a junction o/the wave 'number. The 
absorptions show as peaks in \Ii _ The su/1strate tempetaturf has been 
changed from room temperature to 625 K. The temperatures Ilfe 

indicated in degrees Kelvin in the figure. 

::;70 and 625 K substrate temperature. Five different IR vibrational absorption peaks 
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are observed, In table 2, the oscillator strengths of the peaks in figure 5 are given 

together with the refractive indices (caJculated in the IR region from 1850 to 2350 

em- l ) and deposition rate of the films. In figure 5, the peaks at 570 K of the infrared 

vibrational absorption at a frequency of 2100 cm -\ are much smaller than the peaks at 

355 and sao K. Howcvet, the strength. of the 2100 em"1 peak at 570 K is I.uO-~ and 

the stret1.gth of this peak at 500 K is only 5.10-1. 

This seeming discrepancy between the height of the peaks in wand the actual 

oscillator str~ngth is due to the interference in the film, which is expressed by the 

sinusodial modulation of the ellipsometric angle !l liS Can be seen in figure 3 in the 

higher wavelength. region (above 550 nm) and extends into the m. Ii the slope of 6. is 

strong, also the peaks in Ware ,trong. If the slope is small, e,g, in the maxima and 

minima of the interference, the peak in iJ! is also small, The absorption peak at a 

frequency of 2000 em-I, which is attrjbut~d to a stretch mode of SiII,7 OCcurS only at 

a substrate temperature at and above 500 K and increases slightly at a substrate 

t~mperaturc of 570 K. At lower or higher temperatures, a vibrational absorption at 

2000 em -l cao.not be distinguished. The absorption peak at a frequency of 2100 em- t 

which is present in all samples is attributed to a stretching mode of SiR2.7 At 570 K 

this peak is in the same order a~ the SiH peak. Additional peaks at 2110, 2180 and 

2210 em"\ OCCur at the lowest and highest temperature. The peak at 2140 em-! is due 

to SiHl or chains of SiH2 (polysilane),B The vibrational absorptions at 2180 and 2240 

em"1 are shifted absorption peaks of the stretch mode of SiH2• If One oxygen atom is 

bOund to the SiR, molecule, the peak shifts to 2180 em"! and two oxygen atoms shift 

the absorption at a frequency of 2100 em"\ to 2240 em"1 i The samples are apparently 

strongly oxidized, To check if the other samples ",re 5ensltive to oxidation, the 

analysis was repeated after several days and after one month. It showed that the 

samples produced at 355 and 500 K also oxidized in time. In table 2, this is shown for 
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the 500 K sample (m 12a). The oscillator strength of the SiR! decreases strongly and 

peaks appear at 2140, 2180 and 2240 em"1 of comparable strengths. Only the sampl~ 

produced at 570 K remained stable, e\'en after one month. These reSults suggest tha.t 

the samples produced at temperatures lower thau 500 K or highe,r thaI) 525 K have an 

open structure with many large voids. This wOuld explain the rapid a.nd strong 

oxidation. The samples produced at 355 K had a deposition rate of 20 nm/s. This rate 

decreased rapidly to 6 nm/s at 500 K. The deposition rate remained almost stable 

fWID this temperature on with a deposition rate of 5-5 nmis at 570 K and 6 nrofs at 

625 K. The pseudo index of refraction remained low, between 1.7 and 2_1. These 

values also indicate a rather open structure or a rough surface_ 

The following experiments were done at a fixed temperature of 550 K. As shown 

by the temperatme scan, a film containing SiH is produced at this temperature. Also, 

at this lempe.alu;:e the I.Hms do not oxidize. 

In the next experiments, the arc current and the distance from arc to subst,ate 

have been varied. Also a hydrogen flux is introduced. First, we varied the arc current 

from 20 A to 60 A. The other e:>l:l'erimental conditions were kept constant_ With 

increasing Current the temperature of the argon gas and the ionization degree of the 

argon plasma increase, thereby enhancing the dissociation degree of silane. In table 3, 

the oscillator strengths, pseudo refractive indices and deposition rates of the samples 

produced at 20, 40 and 60 A are shown. At 20 A, vibrational absorptions at 

frequencies of 2000 and 2100 cm-I occur. Also small absorptions due to oxidation are 

visible. At 40 A, only small absorption peaks at frequencies of 2000 and 2100 ern"! are 

p;:esent- Fl:Om the sample produced at 60 A no peaks at all could be measured. 

Also with a Hruker IR transmission interferometer no vibrational absorptions of 

SiHn groups could be detected in a 1 micron thick film in the range from 3000 to 
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Table 3: Oscillator strengths, pseudo refractive indices and deposition rates. 

The current of the arc has been varied between 20 and 60 A. The wave 

numbers are in em-I. 

sample oscillator strength U1O-4) index rate 

nr A 2000 2100 2140 2180 2240 nm/s 

SiH SiH2 SiH3 OSiH2 OOSiH2 

22 20 25 2 5 2.0 18 

23 40 3 5 2.0 7 

24 60 3.7 2 

Fig. 6 SEM micrograph of sample nr 24. The magnification is 10000. 

400 em-I. From the table, an apparent increase of the strength of the SiR peak with 

the arc current and an apparent decrease of the strength of SiH2 can be seen. 
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The pseudo index of refraction increases from 2 to 3.7. The maximum value is 

3.7 for the sample prodl.u;ed at an arc current of 60 A and should be above 3.4.10 The 

deposition rate was in the range from 2 to 18 nm/s, decreasing with increasing 

current. The sunace roughness dec.reases considerably when the current is increased. 

In figure 6, a SEM micrograph of the sample with the refractive index at 5 micron of 

3- 't is shown. The surface structure which is cauliflowerlike is typical for amorphous 

film gwwth. 23 ,24 This refractive inde;( suggests a low hydrogen content as it 

approaches the value of amorphous silicon.)O 

To enhance the hydrogen content, a hydrogen :flow i~ injected into the arC 

channel just before the arc expands into the vacuum vesseL We varied the arc current 

from 20 to 80 A. However, admixing of hydrogen has also a dramatic effect on the 

ioniza.tion degree of the plasma. Injection of hydrogen in the middle of the plasma 

channel lowers the electron density in the expansion at 30 em from the anode by 

several orders of magnitude as has become clear from other experiments. Possible 

reasons for this dramatic loss of electxons compared to the pure :;LIgon case are charge 

exchange with vibrationally excited molecules followed by dissociative recombination 

and dissociative attachment,11 If ions and electrons have an importartt role in the 

deposition pTOcess then the properties of the films and the deposition rate could be 

changed also by this effect. Injection of hydrogen jl) the anode at the end of the 

plasma arc shOuld lower the ionization degree of the plasma even more, because the 

heating of the molecular hydrogen and dissociation is then performed in the afterglow 

region of the plasma and will be not complete_ 

One of the possible expected side effects of hydrogen is an etChing of the 

hydrogen attached to SiHn on the growing surface. The deposition rate is expected to 

be lower due to this effect. Also, direct incorporation of the hydrogen ill the films is 

possible. 
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In table 4, the oscillator strengths, the refractive indices and deposition rates 

ate shawn for the different currents. Compared to the prevh:)l,1$ series with no 

hydrogen flow, significant changes occur. The surface roughness is smaller. Surface 

analysis with SEM showed no surface structure at a magnification of 10000 for all 

samples ill this ~eries. The absorption peak at 2100 em- l first inCreases with 

increasing current and then remains constant. The peak at 2000 em- l decreases with 

inc,~asing current. In general, the dependence on the current of the plasma is 

reversed. 

The spectra show no trace of oxidation (presence of 2180 and 2240 cm- l peaks) 

and only a small vibr<ltioua\ absorption peak of SiH& (2140 em -I) fat the sample 

produced with an <lre current of 80 A. The pseudo index of refraction of the sample 

produced at 20 A is in the range of refractive indices of a-5i: H in the nt- 1o It has the 

value of 3.2, 

Table 4: Oscillator strengths, refractive indice$ and deposition rates, A 

hydrogen flow is injected into the expanding beam. The a.rc current has been 

changed from 20 to 80 A. The Wave numbers a.re in em-I. 

sample o$cillatOr strength (110-4) Index rate 

nr A 2000 2100 2140 2100 2240 nm/s 
SiH SiH2 SiH. OSIHz OOSiH2 

25 20 3.2 1,5 

26 40 30 30 2,9 2.5 

27 6() 20 70 2.4 5.3 

28 SO 10 70 2 2.4 5,2 

The deposition rate i~, compared to the previOUS series, generally lower, only 2 

nm/s. With inr.r('l.lsing current (equivalent with the ionizing and dissociating power of 
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the expanding plasma beam) the deposition rate inc~eases at first from 1.5 to 5-3-

nm/s and then remains constant-

To increase the deposition rate, we changed the distance from the arc to the 

substra.te support from 0"85 m to 0.5 m. Again the arC cwrent was changed between 

20 and 80 A. In table 5 the oscillator strengths, the pseudo refractive indices and the 

deposition rates are shown. At 20 A, the strengths of the vibrational absorptiolls of 

SiR and SiH~ are almost equal, At the higher cmrents, the strength of the SiH~ 

stretch mode, the pseudo refractive index and the deposition rate are not clearly 

depending on the current through the arc. Compared to the previous series of 

measurements, at the arc/substrate distance of 0-85 ill, the surface roughness 

inCreases. In £g1,lIe 7 an example is shown (sample III 3S). The reduction of distance 

cJea,ly resulted in films of lower refractive iudices aud higher strengths of the SlB2 

vibrational absorptions. The explanation of this effect requires further experiments 

and experimental data on Dux densities of radicals, eJectrons and ions. 

Table 5: Oscillator strengths, refractive indices and deposition rates. The 
di$tanc~ betw~en arc ewit and the substrate support has been reduced to 0.5 
'In" The arc curre'nt h(LS bee'n varied between 20 a'nd 80 A, The wave 
numbers are in em-I. The hydrogen flow is 10 sec/so 

sample 

nr 

32 

33 

34 

35 

A 

20 

40 

00 

80 

oscillator strength (/10"4) 

2000 2100 2140 

SiH SiH2 SiH! 

10 7 

9 33 

15 30 2 

10 40 7 

Index rate 

2180 2240 nm/s 

OSIH2 OOSiH2 

7 2.4 3 

7 10 2.0 8.4 

5 7 2_' 5_9 

15 25 2.2 8.6 
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To test if the SiR peak of sample nr 32 increases with increasing thickness, i.e . 

the SiR molecules are located in the bulk and not only on the surface, we have 

repeated that deposition experiment with a deposition time of 15 minutes. The 

sample shows an increase of the SiR peak at 2000 em-I, indicating that the SiR is 

indeed located in the bulk material. An additional peak at 2085 cm-I arises and no 

oxidation occurs. The deposition rate is about 3 nm/s and the pseudo index of 

refraction is 2.65. 

Fig. 7 SEM micrograph of sample nr 35. Magnification is 10000. 

The surface roughness of this sample is considerable, as can be seen in figure 8. 

In the following experiment, we increased the hydrogen flow from 10 scc/s to 40 

scc/s and treated the sample after deposition for 5 minutes with a argon/hydrogen 

beam. The increase of hydrogen flow is performed to investigate a possible 

restructuring of the growing film . In figure 9, the surface structure can be seen as well 
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as the side view of the obtained sample at a magnification of 10000. The 

hydrogen/argon beam apparently removes the surface roughness from the film after 

the deposition has taken place. In table 6 the oscillator strengths, the refractive 

indices and the deposition rates of this sample and the corresponding sample (60 A) 

from the previous series are shown. As can be seen from the table, a strong SiR peak 

is present together with a peak at 2085 em-I. There is no sign of oxidation in the 

sample produced at the high hydrogen flow. 

Fig.B SEM micrograph of sample nr 36. The surface roughness is 

considerable. The magnification is 1 OOOOx. 

Although the strength of the SiR stretch mode has increased compared to the 

previous series, the refractive index is still too low. The hydrogen injection quenches 

the expanding argon beam too heavily. Also, the injection of the silane gas is too far 

downstream of the start of the expansion . We moved the injection of the silane gas 

further upstream, directed upstream into the shock. The hydrogen gas is now injected 
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Fig. 9 SEM micrograph of sample nr S7. Hydrogen flow of 40 scc/ s. After 

the deposition a hydrogen/ argon plasma is directed onto the film. 

Table 6: Oscillator strengths, pseudo refractive indice·s and deposition rates 

of the sample produced with high hydrogen flow and the corresponding 

sample from the previous series. The first sample has been treated 

afterwards with a hydrogen/ argon beam for 5 minutes. The wavenumbers are 
in em-I. 

sample 

nr 

34 

37 

H2 

scc/s 

10 

40 

oscillator strength (110-4) 

2000 2085 2100 

SIH 

15 

15 50 

? 

30 

index 

2.1 

2.7 

rate 

nm/s 

5.9 

3 

in the middle of the argon arc. The hydrogen is heated by the active plasma. The 

dissociation of the molecular hydrogen in the arc is almost complete and the lowering 
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of the ionization degree in the expansion Should be smaller than in the case of 

injection in the nozzle because the partial pressure of :residual molecular hydrogen will 

be less. The rest of the experimental conditions are kept the same as in the previOUS 

measurement. To monitor the deposition, in sifu He-Ne ellipsometry is used. The in 

situ ellipsometry eliminates any possible effects due to native oxides 

when the films are exposed to air. Analysis of the He-Ne ellipsometry data showed 

the following results. The deposition rate was 3.9 nm/s. The refractive index of the 

film is 3'75 at 632 nm and the absorption coefficient is - 0.15. This refractive index 

and absorption coefficient are obtained after ccrrecting the ellipsometric data for 

possible sub- and toplayers. In this case no sublayer could be detected. The silicon 

substrate has been dipped with HF prior to the deposition expedment and is cleaned 

with an argon plasma beam. The top layer has a thickness of approximately 10 nm, a 

refractive index of 1.5 and an absorption coefficient of --Q.l. With SEM analySis nO 

su~face structure could be detected using a magnification of 20000 and a spot size of 

16 nm. The smallest structure which could have been distinguished USing the 

mentiOned magnification is 50 nm. 

A Bruker IR interferometet was Ilsed to analyze the SiEn bonds in the 

wavenumber .auge from 3000 to 400 em"j, The IR ana.!ysis showed absorptions at 

2000 and 2085 Cm -j of equal strength. Compared to the previous series, this is an 

decrease of the absorption at 2085 cm- l rela.tive to the absorption at 2000 cm- l by 

more than a factor of three. 

In literature, the nature of the IR vibrational absorption peak at the frequency 

of 2085 ern-I is not completely clear. It is attributed to SiR as well as to SiH2. Shanks 

et aP5 and Pal,ll2~ state that the absorption at 2085 em"1 can be attributed to SiR. 

The SiR molecules who ca.use this absorption are present in pairs or quartets located 

in a small void opposed to each other. If the 2085 em-I peak is caused by SiR., then 
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also the 890 cm-1 peak due to the bending mode of SiH2 should be present. SiR hs no 

bending modes. To check this, we performed infrared transmission interferometryZl in 

the wave number range from 800 to 2200 em-I. Therefore we deposited the last series 

of samples not only on silver or gold substrates but also on silicon wafers. The layer 

thickness typically ranges from 300 nm to 3 micron. We measured the absorption of 

the deposited layer. The sensitivity of the instrument imposes a minimum thickness 

of the film (1.5 micron). Sample 37 has a thickness of 2 mic,o!\. The vibrational 

absorption peaks measured with the spectwscopic ellipsometer also clearly show in 

the spectrum measu~ed with the infrared transmission interferometer. There is 

however no trace of the 890 cm-1 absorption !leak. It is therefore reasonable to assign 

the 2085 cm-I peak to SiR. 

The strength of the absorption peak a.t 2085 cm- l in the last sample is 

approximately equal to the strength of the a,bso~ption peak at 2000 em- l . However, 

the absorption constant A is for the peak at 2085 cm-1 8 times seroIlger (A~Qi5 "" 

17.1011 cm-2, A2000 = 2.2 1011 cm-2).8 So, the majority of the SiHn bonds are 8iH 

bonds. 

CONCLUSIONS 

We have analyzed the first a-Si:H samples produced with an expanding arc 

plasma with spectroscopic ellipsometry. Several conclusions Can be drawn from these 

preliminary measurements. The optimum substrate tempeTature to deposit stable 

fllms is the same as in CVD technique, between 500 and 600 K The film prope~ties 

are associated with the ionization degree of the expanding a,gon beam which is 

dir~ctly coupled to the composit ion and the tempera.ture of the pla.sma. At lower 

temperatures of the plasma. bea.m, the resulting films ate dominated by the presence 
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of SiH2- With increasing temperature, the hydrogen content of the film decreases 

considerably and the J:efractive index approaches the value of amorphous silicon. 

Introduction of molecular hydrogen into the ellpansion to increase the hydrogen 

content of the films quenches the plasma expansion severely. With decreasing 

temperature and electron density, the dissociating power of the plasma beam 

decreaseS strongly. Only at the condition where the deposition rate is relatively low, 

the obtained film has a high refractive index. With increasing plasma. tempe'l.>ture the 

SiHz bond dominates_ Thl!: films oxidize after exposure to air. Reduction of distance 

between substrate and arc from 0.85 to 0.5 m only enhances this effect and the SiU1 

content of the films increases further. Introduction of more hydrogen (from 10 to 40 

see/s) increases the refra.ctive index and enhances the strength of the SiR bond 

compared to the SiH: bond. Injection of hydrogen in the middle of the burning arc 

enhances the dissociation of the hydrogen molecules and reduces the decrease of the 

electron density of the expanding pl<>sma beam. This resulted in a film with a 

refractive index at 632 nm of 3.75. The increa.se of the vib'l.>tional ab~orption of SiH 

stretch mode and decrease of the vibrational absorption of the SiR! stretch mode 

indicate together with the higher refractive index a densification of the film. The 

value of the refractive index is still to low compared with high quality material 

obtained with PECVD.15 

The stable films contain absorptions at 2000 em-I and 2085 em-I. In PECVD 

produced films, only the 2000 cm- I absorption peak is present. Hiraki et al29 showed 

that if the 2100 cm"1 peak (8iH2) is present in their c-Si:H samples, severe 

degradation of the photo conductivity occur~ if the samples are exposed to air and 

oxidation peaks occur. If however, the 2085 crn-1 absorption peak OCCurS, the photo 

conductivity is unaffected after air exposure and no oxidation peaks appear. 

In general, the structure of the obtained a-Si:H films is close to the structure as 
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observed in PECVD material. Still, further optimalisation has to be performed 

regarding the silane injection into the expanding beam, the silane concentration and 

the Dow of hydrogen, Future analysis will also include photoconductivity and dark 

conductivity measurements. 
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SUMMARY 

'l'he wOrk described in this thesis deals with the implementation and 

ch~a<;terization of a lightsource for spectroscopic techniques, Thi~ research is part of 

a larger program, 'Innovatier Onderzoeks Project Ie Technologie', which is initiated 

by the ministry of economic affairs and administrated by the Foundation of 

Fundamental research on Matter (FOM). 

The Ught source is based on a design of a wall stabilized arc used in the group 

Plasma Physics as a particle source in depositioIl experiments of carbon and silicon 

films. In contrast to this pa,ticle souTce, the argoIl flow through the light source is 

mare that! a factor of 100 lower. The Mgon plasma has an aris temperature of roughly 

13000 K and is stabilized by a cold wall of copper plates. The major subject of this 

thesis has been the optical continuum emi$$ivity of the plasma. From 125 nm to 800 

nm the emissivity has been in\'estigated experimentally and compared with the 

existing continuum emission theory of noble gases, In this theory, the consequences of 

the difference in electronic structure between the atoms under study and the 

hydrogen atom are reflected in a correction factor. This factor has been introduced by 

Biberman and is called the Biberman factor. As a function o( wavelength and 

temperature, this Biberman factor has been calculated by Hofsaess using a. quantum 

mechanical approach. In the particular temperature and pressure range at which the 

argon arc was operated, the free-bound continuum emis~ivity is the most important 

contributor to the total emissivity. The,efote, the free-bound Biberman factor has 

been extracted from the measurements. The results are compared to the '!alues of D. 

Hofsaess (Univenity of Kiel, 1978). 

In the ultraviolet (UV) and \'isible wa\'elength range, the experimental 

free-bound Biberman factors in general agree with the values according to Hofsaess. 
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However, in HQfsaess' values a sharply cOntoured wavelength dependence OCCurS 

which does not ehow up in the results of the experiments. At 500 nm, the discrepancy 

between the values of Hofsaess and the experimental values is the most dramatic 

(50%). 

In the vacuum ultraviolet (VUV), the relative temperature dependence of the 

free-bound Bibe(man factor in the VUV wavelength range has been determined as 11 

function of wavelength_ As expected no pressure dependence could be detected in the 

values of the free-bound Biberman factor_ In this wavelength range, theo'1 and 

experiment agree within several percent_ It has been shown that extreme ca,e must 

be taken to eliminate traces of VUV absorbing particles_ Traces of these particles Can 

attenuate the observed emissivity dramatically (10 4)_ 

The high intensity of the cascade arc in the UV-visible and infrared (IR) 

suggests its application as a light source for several spectroscopiC techniques. tn two 

experiments in the group Plasma PhySiCS the cascaded arc has indeed been 

implemented succesfully as a lightsot!tCC, One of these is a lR Fourier interferometer 

and the second is a spectroscopic ellipsometer op~rating in the UV-visible and IR 

wavelength range_ The latter has been used to analyze films obtained with photo 

enhanced deposition of amorphous hydrogenated carbon (a-C:H) and supersonic 

beam depo.ition of amNphous hydrogenated silicon (a-StH), In order to be 

complete, a paper on this instrument has been included in this thesis. The emphasis is 

on the IR part of the covered wavelength range_ The spectroscopiC ellipsometer is a 

diagnostical apparatus to study properties of surfaces and thin films_ ThickMsses, 

refractive indices, absorption coefficients and vibrational absorption intensities can be 

deduced from measurements of the two ellipsometrk angles, wand t" as a function 

of wavelength-

The preliminary results on photon enhanced deposition of amol'phou~ carbon 
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hydrogenated ca<bon films from toluene condensed vapor are presented. 'l'he photon 

enhanced deposition may offer more understanding of the basic processes involved in 

the deposition of a--C:H. A strong dependence of the deposition rate on the photon 

energy has been observed. Photons with an energy from 7.5 eV to 10 eV induce a 

deposition rate a factor of three higher than photons with energies below 7.5 eV. 

The deposition of a-Si:H films is studied using the mentioned spectroscopic 

ellipsometer in the IR region. The reactor for the deposition of a-Si:H films has been 

completed recently. The analyzed a-Si:H films are the first which have been obtained 

uSing a wall stabllized arc as a particle source. In a vacuum vessel, the plasma 

expands supersonically. Silane gas is injected into the expansion and dissociated, 

iOnized partially and transported towards a temperature controlled substrate. 

Additional analysis with scanning electron microscopy, IR absorption spectroscopy 

and in situ He-Ne ellipsometry has shown that the structure of the films has 

implmred during the succesive experiments. The refractive indices of the obtained 

films approach the values of the !Hms obtained with plasma enhanced CVD. At 63~ 

nm, the refractive index has a value of 3.75 and is close to the desired value of 4. The 

SiH2 bonds are still pre~ent in the produced t"ilms. The strength of the SiH bond is 

eQual to the strength of the SiH2 bond. As in PECVD the optimum substrate 

temperature to deposit stable films is between 525 and 575 K. 

The wall stabilized art has proven to be an excellent light source, suited for 

various purposes where a light SOurce with a high intenSity and high brightness is 

desired. Prediction of its eOlltilluum emisSivity Can be pedorrned to a high degree of 

aCCUJ;acy. This suggests the application of this source as a secondary radiation 

standard as has been shown in literature. 
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SAMENVATTING 

In dit proefschrift wNdt de opbouw en karakkrisatie van Ben lichtbron voor 

spectro8copi,che doeleinden beschreven. Het onderzoek maakt dee11.lit v<tn een gwter 

onderzoeksproject, 'Innovatief Onderweks Project lC 'Technologie' (lOP-Ie), geini

tii!erd door het Ministeric van Economische Zaken en geadministreerd door de Stich

ting vOOr Fundarnenteel Ondetzoek de, Materie (FOM). 

De lichtbron is gebaseerd op een ontwerp Van een wandgestabiliseerde hoge-

drukgasontlading zoals die wordt gebruikt in de Sioep Plasma£ysica van de vakgroep 

Oeelejesfysica in een aantal dapositieexperirnenten van axnode koolstof- en 

~ilidumlagen. De gasstroom door de lichtbron is in verhouding tot de gasstroom door 

de depo~itleboog meer dan een factor 1000 kleiner. Het argonpbsrna in de Hchtbron 

heeft op de symmetrie as een temperat1.lur Van ongcveer 13000 K en wordt 

gestabl/iseerd door een wand van gekoelde koperen platen. 

Dit proefschIift handelt voornamelijk over de optische continuurnernissiviteit 

van het argonplasma. In het golflengtebereik van 125 nrn tot 800 nrn is de emissiyiteit 

experiment eel onderzocht en veigeieken met bekende theorie betreffende de 

contiIluUIIIemissiviteit van edelgassen. De consequenties v<tn het verschil in electro

nische strllC\uur tussen de onderzOthte atomen en het waterstofa.toorn Villdt in daze 

t hcode zijn neers[ag in €len correctiefactor. Deze correctiefactor is geIntroduceerd 

door Biberrnan en d,aagt zijn :naaID- Deze Bibermanfactoren zijn door Hofsaess 

berekend als functie van golflengte en texnperatuur mel behulp van eell 

Cjllantummechanische benadering. In het temperatuur- en drukbereik van de 

experimenten is de continuumernissiviteit veioOl:~aakt door recombinaticstraling de 

meest bela.ngrijke bijdmge tot de tot ale continu{ir;nemissiviteit_ Uit de rnetingen is 

dan ook de Bibermanfactor vom dit type straling bepa.ald. De resiliteoten zijn 

vergeleken met de waarden zoals die berekend zijn door Hofsaess. 
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In het ultraviolet en in het zic1tbaJ:e golflengtegebied zijn de experimentele 

waarden van de Bibermanfactoren wat betreft het algemene verloop goed in 

overeenstemming met de waarden voJgens Hofsaess. Ec1ter, in de waarden volgens 

Horsaess is een sc1erp gekante afhankeJijkheid van de go!lJengte aanwezig die niet 

door de experiment eo wordt bevestigd. Ret versc1H bedraagt maximaa! 50 procent bij 

een golflengte va.n 500 I1lIl. 

In het ultraviolette golflengte bereik in vacuum is de relatieve temperatuurs

afhankelijkheid 'Van de BibermanfactoI als functie van de golflengte bepaald. Zoals 

verwacht treedt er geen drukaiha.nkelijkheid op in de waarden van de (l.)(perimenteel 

bepa-alde Bibermanfactor. De waarden volgens Hofsaess en de experimentele waarden 

in dit golflengtegebied stemmen binnen enkele procenten overeen. Uit de metingen is 

gebleken dat het van eminent belang is dat deeltjes die de ultraviolette straling 

absorberen zeals water geillimineerd wOrden. Sporen van deze de~ltjes kunnen de 

emissiviteit met meer dan vier ordes verzwakken. 

De hoge intensiteit van de cascadeboog in het ultra\fiolette, zichtbare en infra

rode golilengtebereik suggereert het gebmik er'Van als Iichtbron vOOr een aantal spec

troscopische technieken. In een tweetal experimenten in de groep PIMmafysica wordt 

de caseadeboog al met sueees gebruikt als lichtbron. Ret eerste betreft een Fourier-

interferometer in het infrarood en het tweede een spectroscopische ellipsometer. Dit 

laatste instrument is gebmikt om een aantal dunne lagen \fan amorf gehydrogeneerd 

koolstoi (a-C:H) en arnor! gehydrogeneerd silicium (a-Si;H) te analyseren. Om wille 

van de duidelijkheid is een artikel handelend over dit iostrumeot in dit proefschrift 

opgenomen. De nadruk Ugt op het infra.rode deel van het golfiengtebereik dat door het 

instrument wordt bestreken. De spectroscopische ellipsometer is een instrument dat 

zeer geschikt is om een aantal eige)lschappen van oppel:\flakken en zeer dunne lagen te 

onderzoeken. Uit metingen \fan de twee ellipsometrische hoeken 'lr en b. kunnen 

ondermeer de diktes, brekingsindices, ab$orptieconstantes en de parameters van 
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optredendc vibrationele ab50rpties bepaald worden als functie van de golflengte. 

De voorlopigc r€suitalen van een fotongestimuleerd depositie-experiment van 

a-C:II uit geccmdenscerde tolueendamp worden gepresenteerd. Het fotongestimuleerd 

deponeren zou mogelijk meer inzicht kunnen geven in de fundamentele processen die 

betrokken zijn bij de depo~itle van a-C:H lagen, De groeisnelheid blijkt sterk 

afhankelijk Ie zijn van de fotonenergic. Dc fotonen met eell ellergie tussen 7.5 eVen 

10 eV veworzaken een driemaal hogere gwelsnelheid dan fotollen met een energie 

beneden de 7.5 eV, hoewel het aantal fotonen meer dan een factor 1000 lage, is. 

De depositie van a-Si:H is bestudeerd met behulp van de spectroscopische 

ellipsometer in het infrarode bereik. De reactor waarin de depositie plaatsvindt is 

onlangs voltooid. De geproduceerde a-Si:H lagen zijn de eerste die verkregen zijn met 

behulp Vi\n een wandgestabiliseerde boogontJading als dceltjcsbron, lfet plasma 

expandeert supe~soon in cen vacuiimvat. Sil;L;Ln wordt in deze eo:pansie gclnjccteerd 

en vervolgens door het hete gas gedissocieerd, gedeeltelijk gejoniseerd en naar een 

substraat getransporteerd. Naast spectroscopische ellipsometrie zijn de lagen ook 

geanalyseerd m~t een c\ectronenmicroscoop, met absorptiespectr05copie in het 

infrarood en met in situ He-Ne eUipsometrie, De analyse van de lagen hat zien dat 

de structuur van de lagen verbeterd is tijdens de opeel.'wolgende meetseries, De 

brekingsindices van de verkregen iagen benaderen de waarden van iagen die 

geprocluceerd ziju met behuip van piasmagestimuleerd deponeren. Bij de He-Ne 

golflengte was de brekingsindex 3.75, hetgeen dichtbij de gewenste waaIde van 4 is. In 

deze lagen is naast de absorptie bij een golfgetal van 2000 em -I door SiR ook 

absorptie bij 2085 cm-1 te vinden. De oscillatorsterkte van de 2085 cm-1 greep, welke 

w~l toegeschl"cven wordt aan Sin, is gelijk aa.n de oscillatorsterkte van de absorptie 

door SiB bij 2000 cm- I . Zoals ook bij plasma gestimuleerd deponeren ligt de optimale 

temperatu.ur van het substnat in onze experiment en tUMen 525 en 575 K (250 °0 en 

300 oC). 



Dll.JJ.kwoord 

Een lijst van namen van al degenen die hebben bijdragen aan het tot 

stand komen van dit proefschdft was een van de mogelijkheden om dit 

dankwoord te vullen. Volledig is men echter zelden, zeker njet als een 

zekere mate van verstrooidheid reeds taeslaat. Ben dergelijke opsomming 

~al daaram achterwege blijven. Dat een pTOefschdft 8Jechts zelden een 

eenmansoperatie is, is ondertussen 80wiesa weI algemeen bekend. Oak dit 

werk varmt daatojl geen uitzondering, wat duidelijk zal zijn als men de 

autenrslijsten bij leder hoofdstuk in ogenschauw neemt. 

Wat wei een bijzondere vermelding verdient is de omgang met de 

verschillende personen in de diverse groepen wa.armee ik in de aigelopen 

vier jaren in aanraking gekomen ben. Hoe dit het best omschreven kan 

worden laat ik in het midden, maar een paging daartoe zon kunnen zijn 

'prettig gestoorcl' gecombineerd met 'vriendschappelijk'. Er zal nog 

menige winteravond komen waarop ik bij een open haardvuur en een goed 

gl<'8 wijn af trappist natuurlijk, een traantje zallaten bij de herinp,erip,gell 

aan mijn promotie. 

Mijn dallk, mijn grote dank en indien ik iemand van degenen die dit 

zal lezen niet meer zal zien, vaarweL 

1.,)1 
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STELLINGEN 

behorende bij het proefschrift 

A WALL S'rABILIZED ARC AS A LIGHT SOURCE 

FOR SPECTROSCOPIC TECHNIQUES 

A-T,M- Wilbers 

2S januari lS91 



De temperatuur van €€rr plasma in een ca$ca.d~boog lS onafltankelijk van de dIUk VOOI 

het bereik van 1 tot 10 ba,- De Wa(1rgenomen temperatuursdaling bij drukstijging is 

voornamelijk cen gc\'olg van de daarbij toegenomen ga55troom. 

Proefschri/t CJ 'fimmerml1ns, pagina 108. 

2 

Ben nieuw ontworpen stralingsbron bereikt zijn vOlwa5senheld pas aJs 7;ijn Jevensdl1\1r 

en bedieningsgernak verg€lijllbaar 7;ijn met die van ccn gloeilamp_ 

3 

Een vermeende drukafltankelijkheid van de free-bound Biberman factor duidt op een 

veIkeerde veronderstelling omtrent de verschillende bijdragen tot de continuiim-

8traling. 

Goldbach et al., JQSRT 12,1089 (1972)-
Goldbach et al-, J. Phys- S: Atom_ MQlec. Phys. 10, 1181 (1971). 

Gall et al., Beitr. Plasmaphys_ 10, 1 (1970). 

Morris ~t a!., JqSRT 9, 1638 (1969). 

1 

Bij het bepalen van de uansmissiefunctie van een optisch systeem voor ultraviolet 

licht in va.cuiim is het noodzakelijk dat absorptie van straling door waterdamp 

uitgesloten word\. 

W,R, Ott et aI., Applied Optics 14, p 21fJ1 (1975). 

5 

Resultaten va.n ellipsometrie zijn in meet dan gewone mate afltankelijk van de 

wrgvuldigheid van de experirnentato!', 



6 

Door de oppervlal<;te~uwheid van eGn dunne transparante bag kan de bepaling van de 

dikte van deze laag eenvoucliger worden uitgevoerd met spectroicopilche ellipsometrie 

in het infrarood dan met tijdsa!hankelijke in sitjl, He-Ne ellipsometrie. 

Hoofdstuk 7. 

7 

Alhoewel iotodepoiitie inzkht kan verschaffen in de elementaire mechanismen van 

plasmadepositie, is de feitelijke bijdrage van de fotonen tot de groei van lagen ill deze 

processen te vei'wa3.l'Joz~n. 

s 

In de plasmachemie is naast een karallterisering V<ln het gebruikte plasma een analyse 

van de vaste sto£ en het oppervlak onontbeerlijk. 

9 

In de controverse over de vraag welk radJc<lal, SiH2 of SiH3, bepalend is bij de 

depositie van hoogwaardig amor! gehydrogeneerd iilicium wordt ten onrechte de 

mogelijkheid ove~ het hoofd ge~ien, dat beide radicalen respectievelijk geen van beide 

radicalen eiientieel zijn. 

S. Veprek et aI., Plasma Chemistry and Plasma Processing, 10, p S (1989). 
J. Perrin et al., [SPC 9, Pugnochijl,so, lta/y (1989). 

10 

De bewering van veel vrije-tijdsjagers dat er geschoten wordt om de wildstand op 

peil te houden, is slechts een camouflage van hun passie. 

11 

De goedaardigheid van een hond is evenredig met ~ijn formaat, alhoewel de 

aangerichte schade dit niet altijd doet vermoeden. 
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