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Chapter 0 Introduetion 

Ellipsometry is a technique that measures the change of the polarization state of an 

electromagnetic wave, when it reflect at an interface between two dielectric media. 

Ellipsometry is used to investigate surfaces through the determination of the 

refractive indices. The measured ellipsametrie quantities are usually expressed as w 

and ll. {degrees). The relation between the refractive indices and w and ll. is 

described in chapter 1. The investigated surface can be a bare substrate or a 

substrate with one or more layers. In the last case it is possible to determine the 

thickness of these layer(s). 

Ellipsometry is an optica! technique and therefore non-destructive and ideal to 

investigate surfaces in an in situ experiment (e.g. a deposition experiment). 

The measurement of the ellipsametrie parameters can be performed in two ways: 

measuring as a function of time, this is ideal to investigate the growth proces of a 

layer on a substrate; and measuring as a function of the wavelength, while the 

surface remains in a static state. 

This report has been written as aresult of a period of research in the 'Laboratoire de 

Physique des Interfaces et des Couches Minces' ( l >. This laboratory generally 

concentrates their work on the investigation of deposition of thin layers and the 

characterization of these thin films. One of the interestsof this laboratory is the 

vibrational properties of deposited semi-conductor films. The molecular honds 

present in these films absorb energy in the infrared wavelength range. 

1 This laboratory is seated at the 'Ecole Polytechnique', Palaiseau, France. 



-2-

The vibrational properties are therefore investigated by an infrared spectroscopie 

ellipsometer, where measurements are made as a function of the wavelength. The 

molecular absorptions appear in the spectra as local absorptions features. 

The ellipsometer is a so called infrared spectroscopie phase modulated ellipsometer 

(IR SPME). The words 'phase modulated' refer to the type of modulation used in 

this ellipsometer. Often a rotating polarizer or analyzer is used to obtain a rotating 

linearly polarized wave. In our experiment the modulation of a polarized wave 

incident on the sample is effected by a photo elastic modulator. This is a crystal in 

which periadie birefringence is induced. The incident linearly polarized wave will 

will become a elliptical polarized wave, of which the phase difference between the 

two orthogonal polarization states changes due to the periadie birefringence of the 

crystal. This is described in § 2.2. 

The aim of the experimental workon the already existing infrared spectroscopie 

ellipsometer was to implement a new light souree and to imprave the optica! set-up 

One of the difficulties of infrared spectroscopie ellipsometry is the light souree. The 

experiment needs a braad band light souree with large intensity in the infrared 

wavelength range. The usual souree in this wavelength range is the glow bar, which 

is camparabie with a Planck radiator of "'1500 K. This glow bar can be replaced by 

a cascade are, which is a DC plasma confined in a external water cooled channel 

with a diameter of 2 millimeter and lengthof 5 centimeter. The speetral intensity is 

oomparabie with a Planck radiator of 12200 K [WIL 91]. The use of a cascade are 

instead of a glow bar in the infrared wavelength range, increases the intensity a 

factor 20-200 depending on the wavelength, making it very suitable to replace the 

glow bar in the infrared spectroscopie phase modulated ellipsometer. 
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The design and the assembly of the cascade are and the control unit of the cascade 

are took place in the Group of Plasma-and Atomie Physics, at the Technica! 

University of Eindhoven. 

Together with the reptacement of the glow bar by the cascade are, the optica! 

system of the ellipsometry experiment has been revised. The new optica! set-up has 

been described in chapter 2. The lengthof the optical path has been shortened 

considerably by using two off-axis parabolle mirrors. These parabolle mirrors must 

be aligned carefully. Considerable time is spent to develop the alignment procedure 

for the parabolk mirrors and the rest of the experiment. The alignment procedure is 

described in § 2.3. 

The data acquisition system already existed and has not been changed. The 

hardware that is needed to manipulate the detected light signa! is described in§ 2.4. 

The calculation of the ellipsometric parameters 'IJl and ll from the measured light 

intensity is described in chapter 3. The calibration of the experiment is described in 

chapter 4. It consistsof the determination and positioning of the polarizer- and 

modulator angles and of some attenuation coefficients. The latter describe the 

electrical attenuation of the light intensity signa! during the transformation of the 

detected analog light intensity signa! into digital quantities. 

The mathematica! model that describes a substrate with one or more layers is 

described in § 5.2. It explains how to calculate the ellipsometric parameters 'IJl 

and ll knowing the complex index of refraction of the substrate and the layers, as 

well as the thickness of these layers. 
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The local absorption features observed in the ellipsometric spectra induced by the 

molecular absorptions, can be described by a harmonie oscillator model. This model 

and some information about molecular honds is given in§ 5.3. 

Another well known problem of infrared spectroscopie ellipsometry is the possible 

imperfectnessof the polarizers. Polarizers are supposed to be transparent along one 

axis, the transmission axis. The polarizers used in our experiment are polarizers of 

the so called 1Wire-grid1 type. These polarizers show a certain wavelength dependent 

leakage along the axis perpendicular to the transmission axis. To show the effect of 

imperfect polarizers, a simulation of the experiment has been made including the 

imperfectness of the polarizers. The results of this simulation are described in 

chapter 6. These are obtained through a rather complex calculation using a lot of 

first order approximations. So they only illustrate possible effects of the leakage of 

the polarizers. 

Measurements were made of samples with one deposited layer consisting of 

amorphous hydrogenated silicon (a-Si:H) or amorphous hydrogenated silicon 

carbide (a-Si1_xCx:H). They are described in chapter 7. The thickness of the layer 

was N200 Ä. Low carbon percentages (x= 3%, 6%, 12%) in case of a-Si 1_xCx:H were 

used to check the sensitivity of the experiment. The aim of these measurements was 

to observe the influence of the different carbon percentages on the absorption 

features of the molecular honds Si-H, Si-H2 and Si-CH3• These measurements show 

very clear what kind of problems can arise when ellipsometric measurements are 

interpreted. 
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When the actual research period was finished, an error was found in the data 

acquisition. When this problem was solved, new measurements were made also using 

another type of light detector then is used for the measurements described in 

chapter 7. This resulted in an impressive impravement of the signa! to noise ratio. 

These new measurements are presented in chapter 8. To show the impravement of 

the signal to noise ratio, measurements are shown in chapter 8 that were made with 

the 'old' ellipsometer. 

Some general conclusions are given in chapter 9. 
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Chapter 1 Ellipsometry 

Ellipsometry is used to obtain the optical constants of a material, i.e. the complex 

index of refraction. This is done by measuring the difference of the polarization state 

before and after reneetion of an electromagnetic wave at an interface between two 

dielectric media (see Fig. 1-1). Therefore we begin with the description of a totally 

polarized plane electromagnetic wave: 

Exy(z,t) = Eox ei(Ot-kz+êx) + Eoy ei(Ot- kz+êy) (1-1-1) 

Eq. 1-1-1 describes an elliptically polarized electromagnetic wave moving in the 

z-direction with speed 0/k, where kis the wave number and êx and êy describe the 

absolute phase at t=O. The quotient Eoy/Eoy and the fase difference fJx-êy do not 

depend on zandt. 

+ 
Eos 

Interface between 

two dielectric media 

Figure 1-1 : The rejlection of an electromagnetic wave at an interface between 

two dielectric media. 
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The polarization state of an electromagnetic wave can bedescribed as referred to 

the parallel (p) and the perpendicular (i) (senkrecht) axes of a surface. The pand i 

components of the electromagnetic wave before and after the reflection and the 

transmitted wave are described by the complex Fresnel equations: 

N N N 

N n 1 cos~0 -- n0 cos~ 1 
Iotp = Eop-/Eop • = N N N , 

n 0 COS~t + n 1 COS~o 
(1-1-2a) 

2n 0 cos~0 
iotp = Etp+/Eop• = N N N 

n 0 COS~t - n 1 COS~o 

N N N 

N n0 cos~0 -- n1 cos~1 
rots= Eos-/Eos• = N "' N {1-1-2c) 

n 0 COS~o + n 1 COS~t 

and 

2n 0 cos~o 
tots = Ets•/Eos• = ---------N N N 

n0 cos~0 + n 1 cos~1 

Snell's law relates the angle of incidence to the angle of transmission: 

N • N • N 

n0 sm~0 = n1 sm~1 (1-1-3) 

~0 and ~1 are the angle of incidence and transmittance respectively and n0 and n1 

are the complex indices of refraction of the two dielectric media. That means: 

N "k n=n+I (1-1-4) 

where n and k are the real refraction coefficient and the extinction coefficient 

respectively. 
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In case of ellipsometry, we look at the ratio of the two complex reflection 

coefficients r01p and rots= 

N 

,., rotp 
p=-

N 

rots 
(1-1-5) 

Looking at Eq. 1-1-5 we can conclude that the measured datapis only dependent 

on the amplitude ratio and the mutual phase-difference of the p and s components. 

Substitution of Eq. 1-1-2a,c in Eq. 1-1-5 yields: 

N [ "']2 n1 1-p 
~ = sin( q;0) (1 + -,., tan2( cp0) )2 
n0 1+p 

{1-1-6) 

This equation is only valid in case of a system with one interface {it is not valid in 

case of a system with more then one interface). Îio and nl are complex quantities 

which make that p can be described as: 

N - i6 P = pe {1-1-7) 

U sually p is transformed into the ellipsametrie angles \11 ( 0~ \11 ~ 1r /2) and ll 

{O~!l~21r). This transfarms Eq. 1-1-7 into: 

N ill p = tanlJI e {1-1-8) 
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Chapter 2 Experiment 

§ 2.1 Introduetion 

This chapter describes the new spectroscopie phase modulated ellipsometer set-up, 

using a new optica! set-up and a cascade are as a light source. § 2.2 describes this 

optica! set-up and gives information about several important optica! elements. § 2.3 

contains an extensive description of the alignment procedure. § 2.4 describes the 

data acquisition system. 

§ 2.2 Optical set-up 

One of the main differences between the previous experiment [BEN 87] and the 

present experiment is the optica! set-up. By using off-axis parabolle mirrors the 

length of the optica! path could be drastically reduced which is very important to 

reduce the lossof light. The application of a cascade are as a light souree [WIL 91] 

increases the light intensity a factor 20 to 200 (depending on the wavelength) as 

compared with the glow bar. The BeNe-laser used for the alignment, has its own 

place in the experiment. This leadstoa quicker and easier alignment, because there 

is no need to replace it with each alignment. 

The scheme of the experimentalset-up is given in Fig. 2.1, foliowed by a list of 

components, going from souree to detector. 



Chopper Polarizer 

Filter 

IR souree 
(Cascade are) 
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RF glow discharge 
deposition chamber 

Analyzer Monochromator 

N2 gas 

Filters 

MCT or lnSb 
Detector 

Modulator 

1\'li cro computer 

Figure 2.1: Experimental set up. 

Numerical 
Data Signal 
Processing 
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The components going from light souree to detector are: 

1. Light source: 

2. Germanium filter: 

3. Chopper: 

4. Parabolle Mirror: 

5. Polarizer: 

6. Modulator: 

7. Window: 

8. Sample and sample 

holder 

9. Window: 

10. Analyzer: 

11. Filters: 

12. Parabolle mirror: 

This is a cascade arc,which is a plasma confined in a 2 

millimeter channel giving a very intense and well defined 

light beam. The emitted light has a wide speetral range 

including the infrared. 

To cut off UV- and visible light. 

Rotating at a frequency of "'500 Hz. 

Focallength = 15 cm, mirror is coated with gold to 

optimize reflection coefficient in the infrared wavelength 

range. 

Of the so called "wire grid" type, distance between the 

gold coated lines on the BaF 2 is 0.25 J.Lm. 

ZnSe block, oscillating at a frequency of 37kHz. 

Made of BaF2, sealing the plasma deposition chamber. 

Sample holder is at the sametime the heating 

element. It keeps the sample at a fixed temperature (e.g. 

250 oe), during the deposition. 

Made of BaF2 , closing the plasma deposition chamber. 

Of the same type as polarizer. 

Second and third order (InAs and InSb respectively) 

filters. 

Foca1length = 5 cm, mirror is coated with Rhodium to 

optimize reflection coefficient in the infrared wavelength 

range. 



13. Monochromator: 
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Jobin Yvon B-25, f-250 mm 

grid: 100 lines/mm 

size: 58*58 mm 

blaze wave-length: 6 p.m 

dispersion: 30 nm/mm 

14. ZnSe lens: To focus light on detector surface 

15. Infrared light detector 

Extra components: 

16. BeNe-laser: 

17. Flat Mirror: 

Infrared Associates Sandwich detector (InSb/HgCdTe) 

- InSb: 2.103 -1.104 cm-1 (Photo Voltaic) 

- HgCdTe: 1.103-2.103 cm-1 (Photo conductive) 

S.A.T. HgCdTe detector 1.103 -2.103 cm-1 

(Photo Voltaic). 

Used to align the experiment. 

With Microcontrole meters to align the laser beam ( see § 

2.3). 
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Now, some of the optica! elements are described in more detail. 

Light souree 

A cascade are ( extensively described in [WIL 91]) is used as an infrared radiation 

souree for the ellipsometer. The are consistsof three catbodes and one anode, 

separated by five electrically insulated plates, with a central hole of two millimeter. 

These holesforma discharge channel which confines the DC plasma. Fig. 2.2 shows 

a scheme of the cascade are: 

1 

Figure 2.2: 

6 2 3 5 4 6 7 1 
9 11 8 

The cascade are. 1: window {BaF,j1 2: catkode (9* )1 9: cascade 

plates1 4: anode plate1 5: anode insert1 6: gas inlet and outlet1 

7: shutter1 8: plasmafgas channel1 9: PVC spacer1 10: O-ring1 

11: Boron Nitride disk. 
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All sections are water cooled. A shutter is used to prevent damage to the front 

window. During start up of the plasma, small metal particles are sputtered from the 

catbodes and hit the front window, when the shutter is not closed. The relevant are 

parameters are: 

- Are voltage: N 100 Volt ( depending on are eurrent) 

-Are eurrent: 25-40 Ampere 

- Absolute argon pressure: 2.5-4.0 Bar 

-Gas temperature: 12.103 Kelvin 

-Opening angle of light beam: 2.10-2 rad 

1016 

1016 

-'r' 
10 1" I .... 

(I) 
'r' 1013 I 
E 
t\1 1012 I 
E 

--/ \:: 

/ .... --.... ...... 

\

/"28ar- .... , 
I I' ... ' 

I ', " /1 ... ,, 
I 

~ 1011 

>- 1010 -u; 
Glcbar 

c 
Q) 10a -~ 

10 7 •• ,1 

10-e 10-e 10"" 

wavelength (m) 

Figure 2. 9: Speetral emission ofthe cascade are at a temperature of 14500 K 

and gas pressures of 2.1 os and 6.1 os Pascal. The other two curves 

show the speetral emission of a black body {Planck} at 14500 K1 and 

the Glow bar at 1600 K. 
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Fig. 2.3 shows four curves, two curves repreaenting the speetral emission of the are 

at 2 and 6 Bar. The other two curves represent a Planck radiator at the same 

temperature as the plasma inside the cascade are (T~14500 Kelvin), and the speetral 

emission of the glow bar at T~1600 K. 

Chopper 

lt interrupts the light beam of the light souree and is used to measure the 

contri bution of paraaitic light emitted by the plasma and the environment. This 

gives a reference baseline for the data acquisition system. The chopper generates the 

appropriate synchronization signals for the data acquisition system. Further 

information is given in§ 2.4. 

Parabolle Mirror 

This is an off-axis parabolle mirror. The beam path is showed in Fig. 2.4. 

Reconstruction of the optical path of the parabol ie ofj-axis mirrors 

u.sed in the experiment. 
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The construction of the mirrors allows an easy alignment. The parabolic mirror is 

placed on a mounting to position it on the table. The alignment of the off-axis 

parabolle mirror is explained in § 2.3 . 

Modulator 

The photo elastic modulator consistsof a ZnSe-block cemented toa piezo electric 

quartz-crystal. An AC-Voltage (the modulation voltage) induces a periodical stress 

in the piezo electric quart-crystal. As a consequence an optical anisotropy occurs in 

the ZnSe-block along a certain axis (the extra-ordinary axis). The optical index of 

refraction for a light beam with its polarization parallel to the extra-ordinary axis, 

differs from the index of a beam with its polarization perpendicular to the 

extra-ordinary axis. For a beam incident on the modulator with a linear 

polarization ( effected by the polarizer before the modulator) in a direction different 

from the extra-ordinary axis, theemerging beam has an elliptic polarization. Since 

the applied stress is modulated the polarization of the emerging beam is also 

modulated. The phase shift induced by the modulator is generally assumed to be: 

6 Asin wt 

where wis the angular frequency of modulation and Athe modulation amplitude. 
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Fig. 2.5 shows the effect of a phase shift é to an incident beam on a modulator. 

Ey 
Ey 

Figv,re !. 5: Modification ofthe polarization by a modulator. 

The modulation amplitude is dependent of the optical index of refraction along the 

the extra-ordinary axis, and therefore it is dependent of wavelength. The 

experiment requires a constant modulation amplitude (see § 3.1). This can be 

achieved by control of the modulation voltage. The calibration of the modulation 

voltage is explained in § 4.3 . 

Filters 

The light diffracted on the gratingin the monochromator contains, besides the first 

order light that is used for detection, also higher order diffracted light. At certain 

wavelengtbs second and third order light has the same angle as the first order light 

and must be eliminated from the incident light. Therefore two filters are used: 

In As: 3.6< >.<7.3 

In Sb: 7.3< >. 
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§ 2.3 Alignment 

In an ellipsometry experiment the alignment of the optica! set-up is very important. 

Setting up the experiment a considerable time is spend in making and designing the 

alignment and alignment procedure respectively. For this reason the alignment is 

described in great detail. In the description of the alignment numbers between 

parentheses refer to the component list in§ 2.2 . These numbers arealso mentioned 

in Fig. 2.6d. 

The first part of the alignment concerns the height of the deposition chamber. Using 

the center of the windows (7,9) and the sample holder (8) as reference points the 

deposition chamber is positioned parallel to the experiment table. A HeNe-laser 

(16) is used to make the further alignment. By placing the laser at a fixed position 

in the experiment, there is noneed to replace it, each time the alignment is made. 

Fig. 2.6d shows that the laser is placed to the right of the monochromator. Using a 

flat mirror (17), the laser beam is directed through the center of the windows of the 

deposition chamber (see Fig. 2.6a)· To facilitate this, two diaphragms are positioned 

onto the windows of the deposition chamber. The laser is now used as a reference for 

the alignment of the remaining optica! elements. Therefore we check if the laser 

beam is parallel to the table. At this moment the mounting of parabalie mirror (4) 

is positioned onto the table. lts position as referred to the other optica! elements is 

shown in Fig. 2.6d· Using a flat mirror insteadof the parabalie mirror, the position 

of the mirror mounting must be adjusted by directing the reflected beam until it 

coincides with the incident beam (in other words angle a is minimized (see 

Fig. 2.6a)). The actual adjustment is facilitated by two Microcontrole meters.This 

adjustment procedure makes sure that the optica! axis of the parabalie mirror (see 

Fig. 2.4) is parallel to the laser beam. 
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The parabolic mirror can be replaced now onto the mounting. The optical axis of 

parabolic mirror (4) and the laser beam must coincide. Do this by moving the 

mirror mounting in a plane perpendicular to the laser beam. This ensures the 

parallelism of the laser beam an the optical axis of the parabolic mirror. The last 

step in the alignment of the parabolic mirror is to turn it around the optical axis 

until the reflected beam is parallel to the table. The next step of the alignment 

concerns the cascade are (1). To make the alignment, a pinhole is put in the 2 

millimeter channel of the cascade are. When the cascade are is well aligned the laser 

beam will pass the pinhole showing symmetrie interference fringes (see Fig. 2.6b)· 

Now the modulatorfpolarizer combination (5,6) is placed. One has tosure that the 

reflected and incident beam coincide (Fig 2.6b)· The next step is the placing of an 

optical bench which serves as a mounting for the analyzer (10), filters (11) and a 

parabolle mirror (12). Therefore it is needed that the optical bench is positioned 

parallel to the laser beam. It is possible to use the mounting of parabolle mirror (12) 

for this task. It consists of a plate with a central hole in it (see Fig. 2.6d)· Besure 

that the laser beam passes the center of the central hole in position A and B, by 

moving the optica! bench (see Fig 2.6c)· When the optica! bench is positioned well, 

the mirror mounting is moved to position A. Now we can repeat the alignment 

procedure ofparabolic mirror (4). Using a flat mirror, turn the mirror mounting 

until the reflected and incident laser beam coincide. Make use of the multiple 

reflections that appear between the plane mirror onto the mirror mounting and the 

front mirror of the inside the laser. Making this alignment step at position A we 

reach the highest precision, because of the large distance between the two mirrors. 

Move the mirror mounting back to position B and check if the laser beam still 

passes the center of the central hole in the mirror mounting. The optica! bench is 

glued on the table now. Place the analyzer (10) at position A and check if the 

reflected and incident beam coincide. 
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When the filters (11) are placed, the parabalie mirror is placed onto the mirror 

mounting (see Fig. 2.6d)· At this momentweneed the light of the cascade are, to 

finish the alignment. First check if the light of the cascade are illuminates the center 

of the windows of the deposition chamber. Slide Parabolic mirror (12) along the 

optica! bench, until the light beam reflected from parabalie mirror (12) hits the 

entrance slit of the monochromator (13). Turn parabolic mirror (12) around the 

optica! axis, until the reflected light beam is in middle of the entrance slit. Check if 

thê focal point of parabalie mirror (12) coincides with the center of the entrance slit. 

Adjust the position of the monochromator, until the light entering the 

monochromator hits the center of the grating (see light beam reconstruction inside 

the monochromator in Fig. 2.1). Finally optimize the position of the lens (14) and 

the detector (15) to maximize the signalof the detector, and place the Ge-filter (2) 

and the chopper (3) in front of the cascade are. 



Figure 2.6: 
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Figure shows different stages during the alignment. The numbers in 

Fig. 2.6d refer to the component list in§ 2.2. 

a) 

b) 

c) 

d) 
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§ 2.4 Data acquisition 

§ 2.4.1 Introduetion 

The data acquisition system is built around the CAB {Camac Booster). This is a 

microprocessor system, which is able to take data with the help of a fast ADC and 

to make calculations at a high speed. The main principle of the data acquisition 

system is described in § 2.4.2. The detector signal V DET is measured using an analog 

digital converter ( ADC), and is adapted into a signal V ADC that fits the voltage 

range of the ADC. This is described in § 2.4.3 . 

§ 2.4.2 Principle of data acquisition 

The general shape of the detector signal is shown in Fig. 2. 7 . This figure also shows 

the signal supplied by the chopper, that is used for synchronization ( explanation 

follows). In Fig. 2.7 we see the chopper signal withits characteristic rising and 

deseending exponential slopes. This is induced by a capacitance, which is 

implemented to suppress spikes on the chopper signal. These spikes cause errors in 

the timing of the data acquisition. Furthermore we see the "gray zones" caused by 

the finite speed of the chopper. These zonescan obviously not be used for data 

acquisition. The detectorsignalis characterized by two levels: Voff; a level 

corresponding with the 0-volt level of the chopper which is the background 

radiation (no modulated light from the source) and V on; a summation of the signal 

coming from the souree and the background light. The main feature of the V on 

signal in Fig 2. 7 is the modulation effect of the modulator. 
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The Voff signa! is a baseline reference for the V on signa!. Voff is is subtracted from 

V on to eliminate parasitic light of possible infrared radiators in the neighborhood of 

the experiment. 

I 

I 

I 
I 

Figure 2.7: 

f 
chopper signa! 

\ \. 

Voff 

I 

detector signa! 
I 

Signal of the detector and the synchronization signal from the 

chopper. 

The slopes of the chopper synchronization signa! are the trigger to start data 

acquisition. A time delay is included to prevent that measuring takes place in the 

"gray zone". Logically the up-down slope indicates the Voff leveland the down-up 

slope indicates the V on level. 
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There are three different clock signals produced, to make data acquisition possible: 

with 

H0: WAf = 37 kHz 

H1: WAf* 256 

H2: WAf* 16 

H0: Modulation frequency by modulator. 

H 1: Each period of the modulator is sampled 256 times by an 8-bit 

ADC. 

H2: 16 consecutive ADC-samples of V ADC (see § 2.4.3) are summed in 

the registers of the microprocessor. H2 is the trigger frequency to 

transfer the result to the memory. 

Therefore one cycle of measurements consistsof 256 ADC-samples covering one 

modulation cycle of the modulator. H0 is the trigger to begin a new cycle of 256 

measurements. These 256 samples are not all memorized. 16 consecutive 

measurements are summed forming one "data point" which is transferred to 

memory. Thus one cycle of 256 measurements results in 16 consecutive "data 

points". By integration of each "data point" during several measurement cycles, it is 

possible to decrease the noise level. 



-25-

§ 2.4.3 Adaption of detector signal to ADC 

The amplitude from the detector signal V nET can vary between a few microvolts 

and approx.imately 1 volt. The input range of the ADC is 0-2 volt. To optimize the 

use of the ADC weneed to amplify and shift the signal to use at the ADC-range 

more efficiently. The detector signal including the noise must fit the ADC-range. 

We must also take into account small fluctuations (jitter) of the detector signal. 

Therefore we can not use much more then half of the ADC-range. This matching of 

the detector signal and the ADC-range is done with the help of an amplifying 

circuit. The scheme of this circuit is given in Fig. 2.8 : 

PREAMPLIFICATION HIFT Vdet IN FCA VARIABLE GAIN AOO RAMP 

Figure 2.8: Scheme of the data acquisition system. 

FAST 
B BIT 

AOC 
(FCAN) 

SUMMATION 
OF Sl5 SAMPLES 

ADDER 
12 BIT 
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The first step is an amplification of the detector signal by a factor ±10. The sign of 

the amplification factor depends on the polarity of the detector (InSb or HgCdTe). 

The second step is to add a voltage V offset that is produced by a DAC with a 

digital input between 0 and 65535. The last step is a variabie amplification with 16 

different gains. (0~ g ~16). Fig. 2.9 shows the total amplification as function of the 

gain. The step between gain 7 and gain 8 is caused by a bad chosen value of a 

resistor ( one of four resistors that defines the amplification of an opamp (see 

Fig. 2.8). The voltage V A.DC that is converted by the 8-bit ADC can be defined as: 

V A.DC = gain(g) (V offset ± 10 V det) 

The values of g (0-15) and V offset (0-65535) have tobechosen well in order to 

optimize V A.DC· 

6.00 

5.00 

6 4.00 

~ 
~ 

9 3.00 -Po e 
< 2.00 

1.00 

5.00 10.00 15.00 20.00 

gain 

Figure 2.9: Amplification of the detector signal as a function of the gain. 
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Chapter 3 Calculation of 'lT and ll from the measured intensity I( t) 

§ 3.1 ldeal case 

A scheme of the optica! set-up is shown in Fig. 3.1: 

Modulator 

Figure 3.1 Scheme of the optical set up. 

The respective orientations of the polarizer and the analyzer, referred to the plane of 

incidence ( defined by the the p, s axes ), are denoted by P ,M and A respectively. 

Taking the phase shift b(t): 

b(t) = A"sin(wt) (2-1-1) 

of the modulator into account, the measured intensity becomes: 



with 

-28-

l{t) = I { 10 + 15 sin ó(t) + Ie cos ó(t) ) 

2 2 2 
I = ! Eo I rolp + rots I 

10 = 1 - cos 2\ll cos 2A + 

cos 2{P-M) cos 2M ( cos 2A - cos 2\ll ) + 

sin 2A cos ll cos 2{P-M) sin 2\ll sin 2M 

Is = sin 2{P-M) sin 2A sin 2\ll sin ll 

Ie = sin 2{P-M) [sin 2M ( cos 2\ll - cos 2A ) + 
sin 2A cos 2M sin 2\ll cos ll ] 

{3-1-1) 

{3-1-2a) 

{3-1-2e) 

Since ó(t) = ./6 sin{wt), the Fourier expansions of sin(ót) and cos(ót) are: 

sin ó(t) = 2 I: J 2m+1(./6) sin[ {2m+1)wt] 

cos ó(t) = J 0( ./6) + 2 E J 2m{ ./6) cos[ 2mwt] 

{3-1-3a) 

{3-1-3b) 

where Jv( ./6 ) is the Bessel function with argument ./6 and of order v. With eqs. 

3-1-3a'b' eq. 3-1-1 yields: 

with 

I( t) = So + Sw Is + S2w Ie + ... 

S0/l = I0 + J 0(A) Ie 

SI.D/1 = 2J 1( A ) Is 

S2w/l = 2J 2( .Á ) Ie 
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The two unknown parameters '111 and ~ can be calculated from the measurements of 

1\o and R2U), the ratios of the first (SU)) and second (S2U)) harmonie component 

respectively of the signa! and the DG-component (S0): 

SU) 2 J t ( .A' ) Is 
~=-=-----

s o lo + J o ( .Á ) Ie 

S2U) 2J 2( .A' ) Ie 
R2U) = --= ------

So lo + ·J o ( .Á ) Ie 

The Bessel functions J0( .A'),J 1( .A') and J2( .A') are shown in Fig. 3.2 : 

1.20 

0.80 

0.40 

0.00 

-0.40 

-0.80 +.n-,..,...,.,,..,...,.,".,.,.,.,"......,"......,,.,.,...,.,.,.,...,.,.,......."""'".,.,.,.,........, 
0.00 0.20 0.40 0.60 0.80 1.00 1. 0 

.A(*r) 

Figure 9.2 Picture showing Besselfunctions J0( .Á )J1( .Á) and J2( .Á ). 

It is possible to simplify Eq. 3-~-4 by making J0(.A')=O with .Á=.Áo~138o. 

Eq. 3-1-2 shows that with a suitable choice of A,M and P, the equations for ~ and 

R2U) can be further simplified. 



-30-

The most useful configurations are: 

configuration 1 

Configuration 2 

P-M=±45°, M=0° ( +90°), A=±45° 

1\o = 2 J1( ..4' ) (±)p (±)A sin 2\ll sin~ 

R21D = 2 J2( A ) (±)p (±)A sin 2\ll cos~ 

0 0 0 
P-M=±45 , M=±45 , A=±45 

1\o = 2 J 1( ..4' ) (±)p (±)A sin 2\ll sin ~ 

R21D = 2 J2( A ) (±)p (±)A cos 2\ll 

1\o and R21D can be determined with the help of a Fourier analysis and with the 1\o 

and R21D known, w and ~ can be calculated. 
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Influence of the electrical attenuation coefficients T 1 and T 2 on the 

equations 

Due to the electrical treatment of the detector signa! the measured SLO and S21J) are 

attenuated. To correct this we di vide by the electrical at tennation coefficients T 1 

and T 2 respectively, which are measured during the calibration. 

It is possible to write the equations for So, SIJ) and s2LO in a matrix form. This yields: 

(3-2-1) 

In cl u ding T 1 and T 2 yields: 

(3-2-2) 

or 

(3-2-3) 

The electrical attenuation coefficients are depend on the wavelength. They are 

measured as a function of the wavelength during the calibration (see § 4.3 and § 

4.4). 
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Chapter 4 Calibration 

§ 4.1 Finding the optical axes 

The first thing that has to be done, is to find the orientation of the op ti cal axes of 

the polarizers and the modulator. When the orientation has been found, they are set 

to the right angle. The first angle that is calibrated is P-M, this is the angle of the 

polarizer with respect to the angle of the modulator. It means that the angle of the 

modulator (M) is kept constant while the angle of the polarizer (P) is changed.The 

polarizer is fastened onto the modulator. That means when the modulator is rotated 

the polarizer rotates through the same angle. 

From the equations 3-1-2 and 3-1-4 is clear that: 

I: (P-M) = 0°, 90° yields ~ = o, R2U) = o 

For the next step of the calibration P-M is set to ±45°. It concern the calibration of 

the angle of the analyzer (A). Calibration of analyzer angle is done in the following 

configuration: 

II: (P-M) = :t: 450 A=Oo, goo yields ~=0 

The modulator angle (M) is the last angle to be calibrated: 

111: (P-M) = :t:45, A=O, M=O 
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§ 4.2 Optimization of the optica! axes calibration 

To find the appropriate values for P-M, A and M, we must find the minimum value 

for R.o and R21.0 • The best minima of ~ and R21.0 can be found when the 

denominator in Eq.3-1-4 has a maximum value. Assuming that J0(A0}~o, this 

means that we achleve the best calibrated P-M, A and M when we maximize 10• 

The principle idea is to decrease the noise level of the denomina tor. The relative 

influence of noise in 10 is smaller when 10 is large. 

In case of situation I: 

I: (P-M) = oo, goo 

In this configuration I0 yields: 

I0 = (1 -cos 2\11 cos 2A) + cos 2M (cos 2A- cos 2\11) 

+ sin 2A cos !:i sin 2\11 sin 2M 

To maximize I0 we use the following angles: 

A= 0°, M = 45° 

Substituting this angles into Eq. 4-2-1 yields 

I0 = 1 - cos(2\ll) 

(4-2-1) 

(4-2-2) 
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In theory the orientation of the analyzer and the polarizer are not known, but 

usually in a practical situation the orientation has not changed much since the last 

calibration. From Eq. 4-2-2 it is clear that w must approach 450 to maximize 10. 

Configurations 11 and UI of the previous paragraph lead to: 

11: (P-M) = ±450, A = oo, goo 

lll: (P-M) = ±45o, A= oo, M = oo 

Using A=Oo in both cases, and substitution in 10 yields: 

10= ( 1--cos2w) (4-2-3) 

The only variabie parameter in Eq. 4-2-3 is w, which needs to approach 450 to 

optimize the calibration. 

§ 4.3 Modulator Law 

To fulfill the condition J 0(A0)=0 weneed to know the corresponding 

modulator voltage Vy. The modulation amplitude varies as function of the 

wavelength like [CAN 83): 

(4-3-1) 
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in which Cis constant. Therefore weneed to make a measurement of the 

modulation voltage as function of the wavelength. 

One way to obtain VM is the following: 

Use configuration: 

Varying the value of VM at a certain wavelength leadstoa change of ../tand thus 

J0(..4). At the moment that .A'=~, J0(~)=0. We obtain the following equality: 

In which T 2 is the electrical attenuation coefficient of the second harmonie (see 

§ 3.2). Making the calibration of the modulator voltage VM as a function of the 

wavelength yields approximately a straight line (see Figure 4.1). In theory the 

electrical attenuation coefficient T 2 is not a function of the wavelength. But as 

Fig. 4.2 shows there is a slight dependence, probably due to an imperfectness 

(leakage) of the polarizers (see chapter 6). 
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Figure 4.1: Modulation voltage as a function ofthe wavelength. 
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Figure 4.!: Electrical attenuation coefficient T2 as a function ofthe wavelength. 
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§ 4.4 Calculation of the electrical attenuation coefficient T 1 

The electrical attenuation coefficient T 1 is easily calculated with the two 

configurations mentioned in paragraph 3.1 . Taking the electrical attenuation 

coefficients into account it follows: 

R\.,1 = 2T 1 J 1( A0) sin2\lf sintl 

R\.,2 = 2T 1 J 1 ( A0) sin2\lf sintl 

R'2L!)1 = 2T2 J2(A0) sin2\lf costl 

R'2L!)2 = 2T2 J2(A0) cos2\lf 

(4-3-la) 

(4-3-lb) 

(4-3-2a) 

(4-3-2b) 

with R'L!)1, R'2L!)1 R'L!)2, R'2L!)2 the measured ratios, without correctionfor T 1 and T2• 

Knowing T2 and the four ratios, w and tl can be calculated with Eq. 4-3-lb and 

Eq. 4-3-2b· With w and tl it is possible to calculated T 1 with Eq. 4-3-la and 

Eq. 4-3-2a· To obtain a more precise result, it is possible to take the mean value of 

R' L!l1 and R' L!)2 . 
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Chapter 5 Physical interpretation of the ellipsometoe parameters 

§ 5.1 Introduetion 

When doing a infrared spectroscopie ellipsometry experiment, the measurement is 

done as a function of the wavelength. With the help of the 'measured' parameters \ll 

and ll it is possible to determine : 

Thickness of (a) layer( s) on a substrate 

Properties of molecular honds that absorb infrared radiation 

To obtain this information, use is made of a least-square-fit procedure [BLO 89) 

and a multi layer model. This model is described in§ 5.2. The infrared absorptions 

by the molecular honds is modelized with the help of a simple harmonie oscillator 

model. This is explained in§ 5.3. 

§ 5.2 The multi layer model 

To calculate p from an optica! multilayer system, we analyze an optica! system 

consisting of a substrate and one mono layer. 



IMMERSION 
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Figure 5.2 Figure shows multiple reflection in a system consisting of a substrate 

and one mono layer. 

The indices of reflection rpi and r 51 are given by: 

N N N 

n1 cos 'Po - no cos 'Pi N 

(1-1-2a) Ipi = 
N N N 

ni cos 'Po + no cos 'Pi 

N N N 

no cos cp0 - n1 cos 'Pi N 

(1-1-2c) Isi = 
N N N 

n0 cos cp0 + n1 cos 'Pi 

Wedefine the optica! impedances as: 

N 

gpi = --N- - --------------------------
cos 'Pi (ni2 - no2 sin2cpo)l/2 

n·2 1 
(5-2-la) 
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Substituting Eqs. 5-2-1a,b in Eqs. 1-1-2a,c yields: 

fV "" 
"" 

gpi - gpO 
(5-2-2a) rpi = 

fV "" gpi + gpO 
"" "" 

fV gsi - gso 
(5-2-2b) rsi = 

"" fV gsi + gso 

The optica! path passing layer 1 (see Fig. 5.1) is given by: 

2~ 2~ 
"' "" "" fV Dt = -- n1 dt cos CfJt = -- dt g5t 

À À 
(5-2-3) 

The reflection coefficient ('r0j 5)p,s from the mono layer system is given by an infinite · 

sum.mation, due to the multiple reflection. Leaving the pand s subscripts, the 

equation for (rlii5)p,s is given by: 

fV "" i i fV -2ibt i i "" 2 fV -4ibt rlii5 =Iot+ ot 1or12e + 01 1or12 r1oe + ... 

(5-2-4) 

Where r 1j and i 1j are the coefficients of reflection and transmission respectively of 

interface i/j. With the help of the convergent geometrie serie: 

1 1 2 3 ~= +x+x +x+ ... 
~-x 

Eq. 5-2-4 becomes: 

i i "" -2i '51 
01 uo r12 e 

rlii5 =fot+--------
"" "" -2ib1 1 - r12 r 10 e 

(5-2-5) 

(5-2-{)) 
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N N 

rot +u 

Writing r5~s with optica! impedances yields : 

Camparing Eqs. 5-2-7 and 5-2-8 yield Eqs. 5-2-9 and 5-2-10: 

with 

N 

1 + u 
gres= g~---

1- u 

N N 

N g2 - gt e-2iÖt 
U=----

When (r6Ys)p,s are known, it is possible to calculate : 

N 

p=---
(Ï6~S)s 

(5-2-7) 

(5-2-8) 

(5-2-9) 

(5-2-10) 

(5-2-11) 

The calculated p is correct when medium 2 is an infinite substrate. The same model 

is also applicable toa multilayer system. Therefore we use gres and look at the 'old' 

mono layer system as a (semi)infinite substrate with a complex impedance (gres)p,s· 

A scheme for the calculation of the p-values for the multilayer system is presented 

in Fig. 5.2. 
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Calculate: 

impedances of the substrate --- ... ... 
gpx,gsx 

impedances of the enviroment 

gP0,g80 (e.g. Vacuum) 
_j 

Calculate Spil Ssi of the next layer 

Calculate ~i with di and Ssi 

No 

Calculate for the pand s component: 

Jes 
where gi-l is the resultant impedance 

of the last calculated multilayer system 

J 
I 

Calculate the reflection coefficients 

for the pand s component: 

\11 = arctan( I pI) 
~ = arg( 71') 

Scheme that showshow to calculate a multilayer model. 
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§ 5.3 Molecular absorptions 

The complex index of refraction n of a certain material can be splitted in arealand 

a imaginary part: 

N "k n=n+1 (1-1-4) 

The real part of n describes the dispersion of an electromagnetic wave in a material 

while the imaginary part k describes the absorption. Especially the absorption 

processes contain characteristic information about certain chemical structures in the 

material. 

The absorption of infrared radiation in the wavelength range from 0 to 10 microns is 

caused by two processes: 

- absorption by free charge carriers 

- molecular absorption 

In the mentioned wavelength range, molecular absorption is dominant and of main 

interest in the discussed results. 

When charge in a diatomic molecUle is asymmetrically distributed, this molecule 

can be described as a harmonie oscillating dipole. The oscillator has equidistant 

energy levels and can be excited by absorption of a resonant infrared photon. 
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The infrared absorption by vibrations in a multi-atomie molecule or a inter 

molecular cluster of atoms, can be interpreted with the help of a harmonie oscillator 

model. Molecular absorptions can be divided into two groups: 

1. Skeletal absorptions in which allatomsof a molecule play a role 

2. Absorptions in which a cluster of atoms, which is attached to 

molecule( s) play a major role 

The first type of absorptions are found in a wavelength range from 700 to 1400 cm-1. 

The second type (group vibrations) are dominant when masses of the atoms in a 

attached cluster are strongly different. In that case the vibration energy is mainly 

concentrated in the light atoms. When there is astrong difference between two 

bonded atoms, there is a possibility for group vibrations to occur (e.g. C-F). 

Fig. 5.3 shows a few examples: 

V V 
symm. stretch. vib. asymm. stretch. vib. tocking mode 

• • 

V 
scissoring mode wagging mode twisting mode 

Figure 5.9 Different vibration modes of an end-group. The + and- sign refer 

to vibrations perpendicular to the paper. 
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Without an absorption, the material of interest can be described with the dielectric 

function Ër=Er1+iEr2, which is related to the complex index of refraction as: 

frl = Re('fr) = n2 + k2 

fr2 = -Im(Ër) = 2nk 

A vibration mode with frequency w0 is handled like a con tribution of Er· This 

con tribution fl. Er can be described as: 

fwo2 
l!l.Ër(w) = -----

(wo2- w2 + irw) 

withf= the oscillator strength and: 

N: Number of oscillators per volume unit 

c: light speed 

NA: Avogadro number 

A: Molecular absorption coefficient, defining the effect of one oscillator 

r: Extinction constant, which defines the width of the absorption 

band. It serves as a correction of the harmonie oscillator modeland 

contains the anharmonicity of the vibration. 
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Fig. 5.4 shows the variation of the real and the imaginary part of A 'Er 

Figure 5.4 Re al and imaginary part of the contribution of one vibration mode to 

the dielectric function. 

The total dielectric function 'Er(w) of a medium with NV vibration modes (group 

-and skeleton vibration; stretch and deformation vibrations) yields: 

NV 

Er(w) = E + E 
m i= 1 (woi2- Wo2 + iriwi) 

E contains the continuurn con tribution of all other processes, like absorption of free 
Ol 

charges. 
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Table 5.1 [DIS 85] summarizes the frequencies of amorphous carbon (first colom) 

and polymers (second colom). Polymers are chains of atoms or groups and therefore 

contain relatively more hydragenthen amorphous materials. 

Table 5.1 

frequenc7 (cm·•) poup 

bard pol7met b7bridisation 

3300 3300 sp1Q{ 

3045 3060 sp2Q{ 

3025 sp2 Q{2 

3000 3000 sp20i 

2970 spl Q{J 

2945 sp2 Q{2 

2920 2920 spl Q{2 

2920 spJQ{ 

2875 splQ{J 

2850 2850 spl Q{2 

2180 sp1c-c 

1620 1600 sp2c-c 

1580 1580 sp2c-c 

1515 1515 sp2;spl c-c 

1300 1270 sp2;spl c-c 

1245 1245 sp2;sp3 c-c 

1160 1160 splc-c 

Some stretch-frequencies of C-C and C-H vibrations in amorpho'IJ.S 

carbon and polymers. 
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Chapter 6 Error analysis of the polarizers 

§ 6.1 Introduetion 

This chapter describes the results of an error analysis of the polarizers. The error 

analysis describes the effects of the errors on the angles of the polarizers and the 

modulator, and of the leakage of the polarizers. In the infrared wavelength range the 

polarizers usually are of the so called "wire grid" type. On top of a BaF2 plateis a 

grid of gold lines with a spacing of 0.25 Jml· They work well in the far infrared 

(10-12) ,.an, but e.g. between 3-5J.Lm, their polarizing capability is not perfect. They 

show a certain leakage in this wavelength range. Fig. 6.1 shows the principle of a 

perfect polarizer. 

Ey Ey 

Figure 6.1 The effect of a perfect polarizer on a electromagnetic plane wave. 

The effect of a perfect polarizer and an imperfect polarizer can bedescribed using 

the Jones formalism, that is explained in the following intermezzo: 
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Intermezzo: The Jones formalism 

A polarized wave can bedescribed using a Jones vector with the following 

restrictions: 

- wave is monochromatic 

- only TE-waves, this means that the direction of the E-field 

vector is perpendicular to the propagating direction 

- wave is plane and uniform 

A monochromatic, plane, TE wave propagating along the z-axis can be 

described with: 

A 

E(z,t) = Ex.cos(wt- 27rz/). + 6x).ëx 
A 

+ Ey.cos(wt -27rZ/À + 6y).ëy (6-1-1) 

A Jones vector of such a wave can be defines as: 

A 

_ [ ~x exp( i6x) ]- [ Ex l 
E- Ey exp(i6y) - Ey (6-1-2) 

This vector does not contain any time- (w) and z-dependence (27r/ ).), and 

the vectorelementsEx and Ey are complex. 

The intensity of such a wave can be defined as: 

I= E.E* (6-1-3) 
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When an incident wave is described as: 

(6-1-4) 

and the Jones matrix of a perfect polarizer that is opaque along the Ex-ax 

is: 

(6-1-5) 

Kp describes the attenuation and absorption effects of the polarizer. 

The transmitted electromagnetic wave Et will then be: 

(6-1-6) 

Introducing the leakage 6 into the polarizer matrix yields: 

E' _ K ( 1-6 0) (Ex) _ K ( (1-6)Ex) 
t- P 0 6 E - P 6E y y 

(6-1-7) 

It follows that the polarizer is partially transparent in the y-direction. 

Important to note is that the leakage 6 is related to the E-field and not to 

the intensity (I"'E.E*). 



51 

In case of reflection on a sample the x-axis and y-axis are replaced by the 

p-axis and s-axis. The p~omponent and s~omponent of a wave refer to 

the parallel (p) and perpendicular ((s)enkrecht) component of a wave as 

referred to the plane of incidence. 

The Jones matrixfora sample is: 

(6-1-8) 

End Intermezzo 

The angles of the polarizers and the modulator are estimated during the calibration. 

They are positioned using a rotating device with a nonius. The position can he 

estimated with a maximum error of 1 minute(~ 3.10-4 rad). The maximum leakage 

of the polarizer is about (2-5)%. Camparing both errors, the error in the angles 

seems negligible. This is not true. During the calibration of the angles of the 

polarizers and the modulator we assume that the polarizer and the analyzer are 

perfect. Therefore the leakage of these polarizers cause errors in the determination of 

the angles that can he much larger then the positioning errors of the polarizers and 

the modulator. To show the effect of the leakage and the errors in the angles, 

calculations are made to see the effect of these errors on the measured \ll and !l . 

The equations presented in chapter 3 are derived presuming the use of perfect 

polarizers and a perfect position of the polarizers and the modulator. 



52 

In § 6.2 the calculations of chapter 3 are repeated using: 

ê: leakage of polarizer and analyzer 

f 1: error in angle of P-M (polarizer-modulator) 

f 2: error in angle of M (modulator) 

f 3: error in angle of A (analyzer) 

The parameters ê, ftJ f 2 and f 3 are introducedas errors but can also beseen as the 

variation applied to the leakage and the angles of the polarizers respectively. The 

next paragraph starts with a description of the Jones matrices which describe the 

optical elements. What follows is an outline of the calculations, showing how the 

calculations are performed. The results are the error ( variation) equations that 

describe the effects of the errors (variation) ê, f 11 f 2 and f 3 on the the measured 

parameters S0, SIJ) and S21J) (see chapter 3). The effects on the measured parameters 

can be recalculated into the effects on the ellipsometric parameters w and ll, and is 

graphically shown in § 6.3. 
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§ 6.2 Denvation of the error equations 

The electromagnetic wave observed by the detector can be described as: 

Edet = OS.E0 (6-2-1) 

Where OS is a Jones matrix representing the total Optica! System. This matrix can 

bedescribed by a sequence of Jones matrices, which separately describes the effect 

of the different optical elements: 

OS= Mn. R(Mn). A. R(A). S. R(M). M. R(P-M). P {6-2-2) 

Thematrices R(Mn), R(A), R(M) and R(P-M) are rotation matrices. In general the 

rotation matrix can be described as: 

( 
C? s ( rp) sin( rp) ) 

-un(r,o) cos(r,o) 
(6-2-3) 

To simplify the calculations the angles of the polarizers and the modulator are set to 

configuration 1, this yields: 

P-M = ± 450 

M = 0° 

A= 450 



54 

By using this angles and adding the variations Ei (unit is radians) the rotation 

matrices for the polarizers and the modulator become: 

R(P-M) = l..j2 [ l-Et l+Et ] 
2 -l-Et l-Et 

(6-2-4) 

(6-2-6) 

R(A) = l..j2 [ 1-E3 l+E3 ] 
2 -1-E3 1-E3 

(6-2-5) 

Where a first order approximation of sinus( x) an cosines(x) is used. The angle of the 

monochromator remains a variable, therefore the Jones matrix is still the ordinary 

rotation matrix (Eq 6-2-3) with <p=Mn. 

The remaining Jones matrices A, P, Mn and S are described as: 

(6-2-7) 

(6-2-8) 

(6-2-9) 

(6-2-10) 
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E0 in Eq. 6-2-1 is a Jones vector representing the incoming electromagnetic wave 

on the polarizer. This is the light transmitted by the light source. The final results 

of this paragraphare derived using the following guess for vector E0: 

Eo = [ ~) (6-2-11) 

In general this is not true because the souree light is essentially not polarized. This 

description of the incoming wave is chosen, because it greatly simplifies the further 

derivations < t , • 

Matrix OS (Eq. 6-2-2) can be written as: 

os= [ ~ ~ ] 

Perlorming the matrix multiplication, using only the first order variations, the 

matrix elements of OS become: 

a= Pm·[ps·L-(1-Ót-Ó2-Et-E3) + E2.(-L-Ps) + Ót + Ó2 + Et+ E3 -1).cos(Mn) 

- Pm·Ót.(1-p5.I:).sin(Mn) 

(6-2-12) 

(6-2-13) 
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c =- [p5.~.(1-ól-ó2-fl-fs) + f 2.(-~-Ps) + ó1 + Ó2 + f1 + fs -1].sin(Mn) 

- ót-(1-Psi).cos(Mn) 

(6-2-14) 

(6-2-15) 

Multiplying matrix OS with E0 yield Edet· Calculating the intensity with Edet 

yields: 

(6-2-16) 

the intensity of the light falling on the detector can be described as: 

(6-2-13) 

with 

11 = a.ä (6-2-14a) 

I 2 = b.o (6-2-14b) 

13 = a.o + b.a (6-2-14c) 

14 = c.ë (6-2-14d) 

15 = d.ïl (6-2-14e) 

16 = c.ïl + d.c (6-2-14r) 

where the upper bar denotes the complex conjugate. 
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The calculation of 1112,3,4,5,6 using only the first order variations yields: 

l1 = Pm·Pm·{ [ Ps·Ps·E.E- Ps·E- Ps·E + 1 

+ f2.( Ps·E.(-ps-E)) + Ps·E.(-ps-t) + Ps + E + Ps + E) 

+ ( 6t + 62 + ft+ fa).(Ps·E + Ps·E- 2.Ps·Ps·E.E) 

+ ( 61 + ~2- ft- fa).(Ps·E + Ps·E- 2) 

).cos2(Mn) 

+ 2.6t-(p5.p5.E.E- p5.E- p5.E + 1 ].sin(Mn).cos(Mn)} 

(6-2-15a) 

l4 = [ Ps·Ps·E.E- Ps·E- Ps·E + 1 

+ f2.( Ps·E.(-Ps-E)) + Ps·E.(-ps-t) + Ps + E + Ps + E) 

+ ( 6t + 62 + ft+ fa).(p5.E + Ps·E- 2.p5.p5.E.E) 

+ ( 61 + 62-ft- fa).(p5.E + p5.E- 2) 

].sin2(Mn) 

+ 2.6t-(p5.p5.E.E- p5.E- p5.E + 1 ].sin(Mn).cos(Mn)} 

(6-2-15c) 

(6-2-15e) 

(6-2-15r) 
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Summation of the partial intensities Ii (i=l..6) and substitution of: 

yields: 

with: 

(6-2-16) 

(6-2-17) 

~ = eiD(t)c 1 , (6-2-18) 

:rr = Idet = tan2('11m). { (x1 + x2 ).cos 2(Mn) + x3.sin(Mn).cos(Mn) } 

+ (Xt + x2 ).sin2(Mn) + x3.sin(Mn).cos(Mn) 
(6-2-19) 

Xt = 11.( 1- 2.( Dt + D2 )- 2.( E1 + E3 )( tan2('11)- 1 ) 

- 2E2.cos(D(t)).( tan2(w) -1) (6-2-20a) 

(6-2-20c) 

where JI is the measured intensity in the ideal case where: 

1 Usually ~is written as ~=ei(D(t)+Do), where Do is an offset to the phase D(t). 

The effect of Do is investigated elsewhere [BEN 87], and is not included in this 

model. 
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and the ideal measured intensity can be described by 

11 = tan2(w)- 2tan(w).( cos(A).cos(t5(t))- sin(A).sin(t5(t))) + 1 

with: 

sin(t5(t)) = 2J1(..4).sin(wt) + ... 

cos(t5(t)) = 2J0(..4) + 2J2(..4).cos(wt) + ... 

where: 

t5(t) = .A:sin(wt) 

and J 1 are the Besselfunctions of order i. 

(6-2-21) 

(6-2-22a) 

(6-2-22b) 

To interpret Eq 2~19 weneed the angles Wm and Mn. Fig. 6.2 shows Wm as a 

function of the wave number< t >. 

Figure 6.2 Polarizing effect ofthe monochromator expressed in Wm as a 

function ofthe wavenumber (cm-1). 

t:This measurent is presentedinreport VDF-NT/89-07 by S. de Wit, 

Technica! University of Eindhoven, Group Plasma-and Atomie Physics. It 

describes the polarizing effect of the Jobin-Yvon monochromator that is used in our 

experiment. 
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At "'2000 cm-1 the angle \11m yields: 

The angle Mn between the transmission axis of the analyzer and the plane of 

incidence of the monochromator is: 

Mn = 450 

Substituting \11m=45° and Mn=45D into Eq. 6-2-19 yields: 

JT = Xt + X2 + X3 (6-2-23) 

JT can also be written as: 

JT = so + s~ + s~U) (6-2-24) 

where So, S~ and S~w contain theseparate Ow, wand 2w harmoniecomponentsof x11 

X2 and x3. This can be written as: 

(6-2-25a) 

(6-2-25b) 

(6-2-25c) 
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Where SA, S~ and Sb are the harmonie components of the signa! of an ideal 

experiment (see chapter 3). lt is very difficult to give a physical explanation for the 

sign of the errors f 1 and 61. For this reason all signs of the errors are made positive. 

Sl = S~.(1 + 6.6) + 2.(6 + ft+ f1).(tan2(w)- 1) 

Sl = s~.(l + 6.6) 

Final comment: 

(6-2-26a) 

(6-2-26b) 

(6-2-26c) 

The factors in front of the Jones matrices in Eqs. 6-2-4 till 6-2-10 are 

omitted immediately. In principal they stayin front of the equations that 

describe the detected intensity, and in front of the equations 6-2-26. But 

the measured quantities are the quotients R.l=Sl/Sl and R~Ul=S~Ul/Sl. 

Thus the factors in front of Sl, Sl and S~Ul are eliminated. 
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§ 6.3 Graphical presentation of the error equations 

The figures in this paragraphare made using the following procedure: 

1. SL, s~ and s~U) are calculated (using Eqs. 3-1-4 and 3-1-5) for q, and ~ 

in the range 0 < w ~ 450 and 0 < ~ ~ goo. 

2. When SL, s~ and s~U) are known, s~, s~ and s~U) can be calculated using 
Eqs. 6-2-26. 

3. Now q,T and ~ T are calculated using: 

q,T = 0.5 * (ARCSIN( (RI)2 + (R~U))2 )112 (6-3-1a) 

with 

(6-3-2a) 

lJIT and ~ T can be seen as the measured values when the experimental 

system contains the errors fï and êi· 

4. The values shown in the graphs are: 

and 

They can beseen as the relative effect of 6, f 11 f 2 and f 3 on a certain 

(lil,~ )-point. 
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Each graph is made using one input error, keeping the rest of the errors zero. From 

Eqs. 6-2-26 it follows that the effect of f 1 and f 3 on \11 and!::,. is exactly the same. 

From Eqs. 6-2-26 it is also clear that the variation of !::,. is zero in case of f 1 ( = f 3) 

and 6. The relative error (\lf-\lfT)f\11 is calculated in case of f 1 and 6 and both 

relative errors (\lf-\lfT)f\11 and (ll.-ll. T)f!::,. are calculated in case of a variation of 6. 

The relative errors (w-\lfT)f\11 and (ll.-D.T)/D. are visualized in a 2-dimensional and 

3-dimensional plot. The lines in the 2-dimensional plot refer to the (w,D.) points 

with an equal relative error in \11 or D., denoted by the numbers in the plot. 
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Chapter 7 Measurements 

§ 7.1 Introduetion 

The aim of the measurements was to test the experiment al set-up and to show the 

sensitivity of the experiment using an MCT photovoltaic detector and a InSb 

photovoltaic detector The measurements are principly ex situ. The samples are 

made in another Iabaratory and are mounted in the deposition chamber (see Fig. 

2.1). It is possible toperfarm in situ measurements by generating a plasma in the 

deposition chamber (see Fig. 2.1). The samples consist of a Corning (glass) substrate 

on which an amorphous hydrogenated silicon carbide ( a-Si:H) layer or an 

amorphous hydrogenated silicon carbide (a-Si1_xCx:H) layer is deposited. In case of 

a-Si1_xCx:H the percentage (x) of carbon is varied. The following samples where 

available: 

- Corning substrate 

- Corning substrate + a-Si:H 

- Corning substrate + a-Si1_xCx:H (x=3%) 

- Corning substrate + a-Si1_xCx:H (x=6%) 

- Corning substrate + a-Si1_xCx:H (x=12%) 

Important to noteis that the film thickness of the layer on the last four samples is 

not exactly known and differs in all four cases ( d=(200:~:50)Ä ). 
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Measurements are made in a two wavelength domains. The wavelength ranges 

(4,54-5,23)JLID and (7,2-9,0) J.Lm are described in§ 7.2 and § 7.3 respectively. These 

measurements are made using a MCT photovoltaic detector (see § 2.2). The 

measurements described in§ 7.4 are made using an InSb photovoltaic detector. 

Some conclusions with respect to the measurements described in this chapter are 

given in§ 7.5 . 
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§ 7.2 a-8it-xCx:H on Corning: (4.55-5,33) pm 

The aim of measuring in this wavelength range is to show the absorption feature of 

the Si-H bond between "'2000 cm-1 and "'2100 cm-1. From literature it is known that 

the percentage of carbon in a-Si1_xCx:H has an influence on the location, oscillator

strengthand width of the Si-H absorption features. Usuallyin a-Si:H the Si-H 

bond has an absorption feature near "'2000 cm-1. In case of a-Si1_xCx:H, the Si-H 

absorption feature shifts to higher wavenumbers when the carbon percentage 

increases. 

Fig. 7.2.1 1 1 l shows a measurement of a Corning substrate with a layer of a-Si:H. The 

solid curve describes ll., the dasbed curve describes 'IJl. A large peak in ll. exists, at 

"'2100 cm-1• This is not an absorption of a-Si:H butsome unknown artifact of the 

experiment. Possible souree: absorption by some optica! element in the experiment. 

Normally this is not possible because in anideal ellipsometer, absorptions outside 

the sample are not measurable (they are more or less eliminated). But due to the 

leakage of the polarizers it is possible that absorption by one of the optica! elements 

is measurable. 

Fig. 7.2.1 w shows ll.-values between 160 and 220. Measurements of samples with a 

thicker layer show that ll. increases to higher values. Simulation of growth of a-Si:H 

(and a-Si1_xCx:H) on glass show that growth starts at ll. l:j 360° and ll. decreases 

when the layer becomes thicker. Therefore Fig. 7.2.1 should he mirrored at ll. = 

tsoo to get a real physical representation of the measurement. Nevertheless is 

chosen fora ll.-representation as show in Fig. 7.2.1, to stayin line withall previous 

results of this specific ellipsometer. 

t This figure( s) is found at the end of this paragraph. 
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From the fact that the different carbon percentages (3%, 6% and12%) and the film 

thicknesses {200±50 Ä) are relatively small; it follows that these effects are not 

easily seen in the usual presentation of a measurement (such as Fig. 7.2.1). 

Therefore the measurements are presented as the difference between a substrate 

measurement (W,Lr) and a measurement of a substrate with a layer (w ,ll ). Wand Lr 

are subtracted from \11 and ll to obtain 6/l ( = !l-il) and 6w ( = w-W). This is 

allowed when the film thickness is not to large(~ 500 Ä). With thicker layers a clear 

interpretation of the amplitude of absorptions and dispersions in w and ll becomes 

more difficult (see explanation hereafter). 

1 
l 

1 
i 

Figure 7.2.9 Simulation of 2 p,m layer (index of refraction n=2, no absorption) 

on gold. Separate absorptions are added at 2100, 2900, 2400, 2600 

and 9000 cm-1, oscillator width 10 cm-1, strength 5.10-4 {CRE 89}. 
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Fig. 7.2.3 show a simulation of a thick (2 J.tm) layer on a gold substrate, with equal 

sized absorptions (same oscillator- width and strength) at different wavelengths. 

This figure shows several features of thick layers due to interterenee effects: the 

interterenee effects in a thick layer become observable by asciilation of 'IJl and ~; a 

rising delta farces the absorption peaks to point upwards and visa versa; and the 

amplitude of the absorption peak in 'IJl and ~ seems dependant of the gradient 

d~/d(J. In our case the layers are much thinner then 2 JLID, and the amplitude of the 

absorption peaks in~ and the dispersion in 'IJl is not significantly dependant on the 

interterenee effects of the layer. 

Figs. 1.2.2< t > show that 6~ has different mean values in all four cases. This proves 

the statement in§ 7.2.1. that the deposited layers do nothave the same thickness. 

Because the amplitude of absorption peaks depends on the film thickness, we can 

not draw any definite condusion from the amplitude of the peaks observable in 

Figs. 7.2.2 . 

Figures 7.2a,b1c,d all show a peak at "'2000 cm·1 .The location of the peak 

corresponds to the plaee of the Si-H absorption. But we must be careful with a 

quick conclusion. Every absorption peak in 'IJl or ~must be accompanied by a 

dispersive feature in~ or 'IJl respectively (see Fig 5.4). Although we abserve a peak 

at "'2000 cm·t we do notabserve the corresponding dispersion. Therefore we cannot 

definitely conclude that the peak at "'2000 cm·1 is really an absorption peak of Si-H. 

In all four cases the same substrate measurement was chosen to calculate ó'IJI en 6~. 

An artifact in this substrate measurement can lead to this "strange" peak at 

"'2000 cm·1 (a plot of this measurement can be found in Appendix B). There was 

however no second substrate measurement available, to make a comparison. 

1 This figure(s) is found at the end of this paragraph. 
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There is however another problem with the interpretation of the peak at 2000 cm-1. 

In case of Fig. 7.2.2a it is at the good position because the layer consistsof a-Si:H. 

But in case of the a-Si 1_xCx:H samples it should shift to the right as the carbon 

percentage increases. This is not observable. Possibly the carbon percentage is to 

small or the noise level of the measurement to large to abserve a shift of the Si-H 

peak. 

The second peak we can abserve in Figs. 7.2.b'c'd {the a-Si 1_xCx:H samples) is a 

peak at N2100 cm-1. Here the absorption peak in lJI goestagether with a dispersion 

in ll {very clear in Fig. 7.2d)· Therefore this must he an absorption peak. This peak 

is not observable in Fig. 7.2a, which shows the spectrum of a-Si:H. Usually there 

only is the shifted Si-H peak in the spectra of a-Si1_xCx:H between 2000 cm-1 and 

2100 cm-1. It is not sure if this peak at 2100 cm-1 is the shifted Si-H peak, because it 

is shifted far away from 2000 cm-1• Usually a much larger carbon percentage is 

needed for that (see [BEN 87)). This peak does not significantly shift as aresult of 

the changing carbon percentage too. 

Another possibility is the presence of an absorption feature of the Si-H2 bond. This 

can be present in the spectrum at N2100 cm-1 of an a-Si:H layer. The percentage of 

carbon in the a-Si1_xCx:H is small, so there is a similarity with a-Si:H. Therefore 

the peak at 2100 cm-1 can be an Si-H2 peak. The presence of Si-H2 bonds depends · 

on the deposition conditions (e.g. substrate temperature and deposition rate). The 

sample with the a-Si:H layer is made in deposition chamber of our experiment. The 

a-Si1_xCx:H layers are deposited in another deposition chamber of another 

laboratory. This can explain why possibly an Si-H2 absorption feature is present in 

the a-Si1_xCx:H samples and not in the a-Si:H sample. 
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When the peak at 2100 cm-1 is an absorption feature of Si-H2 it should also shift as 

aresult of the changing carbon percentage. This is not observable. But it is possible 

that noise and the small carbon percentage, make it impossible to abserve this 

feature. 

Although we can not say much about the amplitude of the peak at 2100 cm-1 (see 

discussion before) there seems to besome relation between the oscillator width (a 

rough estimation can be made using the Full Width Half Max) of this peak and the 

carbon percentage (see Figure 7.2.4.). 

--I 
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Figure 7.!.-1 Oscillator width {Full Width Half Max} ojthe peak at !100 cm-1 as 

a function ofthe carbon percentage. 
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§ 7.3 

Measurements in this wavelength range are made because literature prediets an 

absorption feature of a Si-CH3 bond between 1250 cm-1 and 1300 cm-1. 

Figs. 7.3.1a,b<t >show a compilation of all the measurements that are made in the 

wavelength range (1100-1370) cm-1. All the figures show a relatively small 

absorption peak at "'1170 cm-1. This corresponds to the absorption by a Si-0 bond 

present in the glass substrate. The curves are all characterized by a very strong 

absorption feature at "'1275 cm-1. Strangely enough there are two absorption peaks 

in 'lt pointing upward. This is not correct. The corresponding dispersion in ll show 

that they should point downward. It is possible that during the calculation of 'lt 

and ll alocal sign error occurred due to the large values of 'lt in that area. 

Curve a) in Figs. 7.3.1 represents the spectrum of the glass that is used as a 

substrate. Here we see a peak at "'1275 cm -1. Although there is an absorption peak 

in 'lt, there is no clear dispersion in the corresponding /l-curve. It is possible that 

the dispersion is small in amplitude and broad. The reason why this absorption is 

present in the curve is unknown. It is possible that a contamination on the glass 

substrate contains infrared active molecular honds. But it is not logica! to believe 

that such a thin layer due to contamination can produce such a strong absorption 

peak in 11. 

t This figure( s) is found at the end of this paragraph. 
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The other curves represent the spectra of an a-Si:H layer and layers of a-Si1_xCx:H 

(with x=3%, 6% and 12%) on a glass substrate. They all show the same strong 

absorption feature at "'1275 cm-1. An Si-CH3 bond would produce a much smaller 

absorption at this place, therefore the Si-CH3 can not alone be the reason for this 

large absorption feature. It is reasonable to believe that the origin of these 

absorption peaks is the same as for the glass substrate. 

A possible reason for this absorption to appear at this place, is a chemica! 

interaction of the deposited material with the substrate. A simHar feature has been 

seen on another type of Corning near "'1500 cm-1 (see Fig. 7.3.2) 

The dispersion shown in Fig 7.3.2 was due to an interaction of Boron Oxide (present 

in the glass) with the deposited layer [BLAl 90]. 

20~--------------------~ 

d lOl= 110 A 

-2o+-+-~-+~~+-~-+~--~ 
1500 1600 

Figure 7.9.! 

a (cm" 1
) 

lnfrared ellipsometry m·eo.surements of an a-Si:H layer {thickness 

dt.otJ deposited on Corning 7059 (solid lines) and fu,sed silica 

(circles}, ~ referring to the substrate measurement before 

deposition. 
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Figure 7.3.1a Figure shows several spectra of samples in the wavenumber range 
(1100-1370} cm-1. The curves repreaent the '11 values ofthe 

following samples. a) Corning substrate, b) Corningja-Si:H, 

c) Corning/a-Si1_xCx:H (x=3%), d} Corning/a-Sit-xCx:H (x=6%), 
e) Corning/a-Si1_xCx:H (x=l!!'lo). Curve 'b' is made asolid line to 
enhance the contrast of the figure. 
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Figure 7.3.1b Figure shows several spectra of samples in the wavenumber range 
(1100-1370) cm-1• The cuMJes repreaent the ll values ofthe 
following samples. a) Corning substrate, b) Corning/a-Si:H, 
c) Corning/a-Si1_xCx:H (z=S%), d} Corning/a-Si1_xC ... :H (z=6%), 
e) Corning/a-Si1_ ... c ... :H (z=1S%). 
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§ 7.4 Improvement of measurements with the !nSb-detector 

In the wavelength range {4,54-5,33) p,m there was a possibility to use an InSb 

{Indium Antimony) photo voltaic detector insteadof the MCT {Mercury Cadmium 

Tellurium) photo voltaic detector. This detector has a much lower signa! to noise 

ratio due to the higher specific detectivity< 1 1• This !nSb-detector is always used in 

combination with a preamplifier, that is delivered together with the detector. The 

data acquisition system adapts the detector signa! to an 8-bit ADC {this is 

explained in§ 2.4.3). Using the signa! delivered by the InSb detector in combination 

with its preamplifier and maximum amplification by the data acquisition system 

results in a maximum use of the ADC range of 5 percent. This is far to low to 

obtain a good quality measurement of 'IJl and !l 

An extra preamplifier is needed to optimize the use of the ADC. At the moment 

that the measurements described in§ 7.2 and § 7.3 were made, this preamplifier was 

not available, and therefore the MCT-detector {which is of less quality) had to be 

used. The extra preamplifier amplifies about ten times, this increases the maximum 

use of ADC up to 50 percent, which is more or less the optimum when you take 

noise and jitter of the signa! into account. To show the effect of an extra 

preamplification, measurements are made with the !nSb-detector, withand without 

the preamplifier. Usually the !nSb-detector is used in combination with a ZnSe lens 

to converge the light coming out of the monochromator slit onto the detector 

surface which is very small {0.25*0.75 mm). The effect of this ZnSe lens has also 

been tested. The measurements shown in this paragraphare made in the 

{1875-2200) cm-1 wavelength range, using a Corning substrate with an a-Si:H layer. 

This sample is also used in the measurements described in§ 7.2 and § 7.3. 

1 The specific detectivity (D*) curvescan be found in Appendix A. 
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These measurements are made while the experiment was not ideally calibrated. 

Possibly this is the reason why the noise level in Figs. 7.4.la,b < 1 > is unusually high. 

Figure 7.4.1a shows a measurement without the extra preamplifier and with a ZnSe 

lens in front of the InSb detector. This lens is used to converge all the light coming 

out of the monochromator onto the detector surface. The ll.-curve is of bad quality 

showinga noise level of 0.5 degrees. The '111-curve saturates at '111=45 degrees, having 

a noise level of about 2 degrees. The saturation effect can be explained by the fact 

that the optica! configuration does not allow values greater than 45 degrees. This is 

explained in the following intermezzo. 

Intermezzo 

The equations of configuration I (the actual configuration in which the 

measurements are made) yield: 

~ = sin 2'111 sin ll. 

R21D = sin 2'111 cos ll. 

1 This figure( s) is found at the end of this paragraph. 

(7.4.1) 

(7.4.2) 



84 

The \11'-value is calculated with Rw and R2U). This yields 

(7-4-3) 

The right-hand of Eq. 7.4.3 is notallowed to begreater than 1. Thus the 

\11'-value is not allowed to be greater than 45 degrees. Rw and R2w are two 

measured quantities and contain noise. Therefore it is possible that the 

right-hand of Eq. 7.4.3 becomes larger then 1 and causes saturation of the 

\11'-value at 45 degrees. 

End Intermezzo. 

Fig 7.4.1b shows a measurement without the ZnSe lens. The extra preamplifier is 

not yet mounted. Figure 7.4.1b showsaslight decrease of the noise level in \11' and!:::. 

and also shows that \11' saturates less due to the lower noise level. The decrease of 

noise is caused by a higher intensity of the light. The absorption of light by the 

ZnSe lens is probably higher then the gain in light, by converging it on the detector 

surface. In the last measurement of this paragraph, the ZnSe lens is omitted and the 

preamplifier is mounted. Fig. 7.4.1c shows that the noise level has decreased 

considerably. The \11'-value does not saturate, showing indirectly that the noise level 

has decreased. Comparing Fig. 7.4.1c with Fig. 7.2.1 shows differences in the 

absolute values of \11' and !:::., although they describes both the samesample at the 

same wavelength range. This is possibly caused by errors in the electrical 

attenuation coefficients T 1 and T2 (see § 3.2), measured during the calibration (see § 

4.4). 
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§ 7.5 Conclusions with respect to the measurements. 

The results of the measurements presented in § 7.2 are not fully satisfactory. Due to 

the uncertainty about the thickness of the a-Si1_xCx:H layers it was not possible to 

give a consequent explanation of the absorption features at 2000 cm-1 and 2100 cm-1. 

The noise level of the measurement's made it necessary to smooth the data of the 

calculated differences 6\P and 6!::.. The condusion is that these measurements have 

to be repeated using the !nSb-detector with an extra preamplifier, in order to give a 

consequent explanation of the effects of the carbon percentages. 

From the results of§ 7.3 can be concluded that it is impossible to abserve the 

Si-CH3 absorption peak in tl at "'1275 cm-1. These measurement have to be 

repeated using another substrate. 



Chapter 8 

§ 8.1 

88 

The latest resuUs, and a comparison with the former results of the 

ir-8PME 

Introduetion 

The measurements presented in d?~+M 7. w~re performed while the data 

acquisition was still not perfor:ming weli . .1 he solution of this problem and the use of 

an !nSb-detector led to a great impravement of the measurements. These new 

results are presented in § 8.2 together with an explanation of the problems with the 

data acquisition system. To compare the quality of the new experimental set-up 

with the previous one, measurements performed with the old experimentalset-up 

are presented in§ 8.3 . 

§ 8.2 The latest results 

While the previous experiment was set up, the chopper was designed to fit the glow 

bar. The glow baremits light in a small band (see Fig. 8.1). The measured intensity 

while there is no modulating of the signa!, is shown in Fig. 8.2. The light beam of 

the cascade are has a different form (see Fig. 8.1). The diameter of the light beam is 

larger then the width of the emitting band of the glow bar. The effect on the 

measured (not modulated) light intensity is also shown in Fig. 8.2 . The intensity 

signa! in Fig. 8.2 shows that the slopes in case of the glow bar are steeper then the 

slopes of the cascade are, due to the form of the light beam. In case of the glow bar 

the sampling starts after a delay time T gb as referred to the synchronization signal 

of the chopper (see § 2.4.2). At that time the full signalis available on the detector. 
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In case of the cascade are the signa! is still increasing. Thus, in case of the cascade 

are the delay time Tgb is tosmalland must be increased up to Tea· 

Figure. 8.1 

Figure. 8.! 

Figure a shows the situation of the light beam emitted by the glow 

bar and the chopper blade. Figure b shows the situation ofthe light 

beam emitted by cascade are and the chopper blade. 

'' -+-tt-
I I 

I 

I I 

-tHt-
1 I 
I I 

L 

The synchronization signal ofthe chopper, and the not modulated 

measured light intensities of the glow bar and the cascade are are 

shown as a function of time. 
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The spectra presented in chapter 7 are made with the cascade are as a light souree 

and the delay time Tgb of the glow bar. This induced a lot of extra noise on 

measured \ll and A values. The spectra shown in Figs. 8.3 are made using the 

measured intensities of the signalafter the delay time Tea, which improves the 

signa! to noise ratio impressively. Note that the impravement is not only an effect of 

the increased delay time but is also an effect of the use of an !nSb-detector with an 

atra preamplifier insteadof the the MCT-detector. 

The units in which the results are presented are different from the units used in 

chapter 7. The spectra are again presentedas the difference of two spectra. In this 

case the difference D (complex optica! density) is presented in a special form: 

D = log(Pfp) 

substitution of Eq. 1-1-8 p=tan(\ll').eiA yields: 

D =log( tan(W)/tan(w)) + log(ei(A-A)) 

From this it follows that: 

Re(D) =log( tan(W)/tan(w) ) 

Im(D) =A -A 

(8.2.1) 

(8-2-2) 

(8-2-3) 

(8-2-4) 

Where W and A again denote the substrate measurements and \ll and A are 

measured values aftera certain action on this substrate (e.g. a deposition). The 

parameter Im(D) is the same as the previous used difference 6/l (=ll-A). The units 

of the Re(D) and Im(D) are dimensionless and degrees respectively. 
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Such a parametrization is used because in case of thin films deposited on glass the 

parameters Re(D) and Im(D) are directly proportional to the imaginary and real 

respectively part of the complex dielectric function of the film [BEN 87]. 

Figs. 8.3 are an mustration of the quality of the new set-up of the infrared 

spectroscopie phase modulated ellipsometer. 
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§ 8.3 The previous results 

The spectra shown in Figs. 8.4 are made with the 'old' infrared spectroscopie phase 

modulated experiment as it has been used till May 1990. They are presented to 

show the impravement of the new experimental set-up. 
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Chapter 9 Conclusions 

An existing infrared spectroscopie phase modulated ellipsometer has been revised. 

The experiment has been improved due to the following changes: 

Change of the glow bar by a cascade are in order to increase the light 

intensity in the infrared wavelength range. 

Optical path has been shortened by using two off-axis parabolic mirrors, 

which is very important to rednee the lossof light. 

The use of the !nSb-detector has been improved by an extra preamplifier to · 

have a better adaption of the signal to the analog digital converter. 

The experiment has been transformed into a very compact instrument (by 

using off-axis parabolle mirrors ). This is important when the ellipsometer is 

going to he used for possible industrial purposes. 

The noise level is less the 0.01 degree in w and !:::.. These noise levels have been 

estimated using measurements in the wavelength range (1900-2200)cm-1 of very 

thin layers ( <10 Ä) of a-Si:H on a glass substrate. Measurements of thicker layers 

consisting of a-Si:H or a-Si1_xCx:H on a glass substrate lead tosmaller errors in w 

and !:::.. The light intensity is largeras aresult of the higher reflectivity of the layer. 
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A start has been made to investigate the influence of the leakage of the polarizers 

on 'IJl and ll. Using only first order approximations, relatively simple equations have 

been derived. These equations describe the effect of polarizer leakages and errors in 

the angles of the polarizers and the modulator. These errors in the angles are 

introduced in the error-equations because estimation of the angles during the 

eaUbration can bedependentof the leakage of the polarizers. From the equations 

can be concluded that: 

The ll-values are only affected by an error in the angle of the modulator. 

The "'JJ-values are affected by the leakage the polarizers and the errors in the 

angles of the polarizers and the modulator, but the most pronounced effect 

is induced by the error in the angle of the modulator. 

These results are not verified experimentally. This has to be done in order to check 

the derived error-equations. The leakage of the polarizers can be 3% to 5% in 

certain wavelength ranges, in these cases it is better to add the second order effects 

to the error-equations too. 



BEN 87 

BLA190 

BLA2 90 

BLO 89 

CAN 83 

CRE89 

DIS 85 

WIL 91 

References 

M.R. Benferhat, These de doctorat d'etat es sciences physiques, 

July 1987 

N. Blayo and B. Drevillon, Appl. Phys. Lett . .[l (8) 786 (1990) 

N. Blayo, B. Drevillon and J. Huc, Vacuum .411343 (1990) 

P. Blom, Internal report VDF/NT 90--05, November 1989 

J.C. Canit and J.Badoz, Appl. Opt. 22 (4) 592 (1983) 

Y. Creyghton, Graduate report TUE, VDF /NT 89--03, 1989 

B. Dischler, ISPG-7 Eindhoven, Symp. Proc., July 1985 

A.T.M. Wilbers, Doctoral thesis, January 1991 



Appendix A The specific detectivity of an infrared detector 

Fig. A. I shows the specific detectivity (D*) as a function of the wavelength. This 

parameter describes the quality of the detector. The specific detectivity (D*) is 

calculated as: 

D* = f.j ~~ A-1 

with 

~ responsivity = signa! output/IRinput (Volts/Watt) 

N: noise (Volts) 

.1f: band width (Hertz) 

Ad: detector surface (cm 2) 

The responsivity .9l can also be written as: 

.9l = signa! output/(E.Ad) 

with: 

E: Energy per unit surface incident on the detector (Wattfcm2) 

The units of the specific detectivity D* are cm.Hz! /W 

the specific detectivity can be used to calculate the signal to noise ratio of the 

detector: 

S/N = D* E J7;d 
..n;r 



The surface of the detectors used in the experiment are (source: specifications): 

InSb (photovoltaic): 0.25*0. 75mm 

MCT (photovoltaic): diameter 1 mm 
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Figure A-1 The speei/ie detectivity IJ* as a function of the wavelength. The 

encircled detectors are used in the experiment. 



Appendix B Plots of 1}1 and ll. of measurements in the wavelength range 

(4.55-5.33) pm 

This appendix contains the plots of the original measurements. With this data are 

the differences 6ll. and 6w calculated. They are shown in Figs. 7.2.2 . 



Psi 

20.5 

,, 
... , ""'-- ..... _ 

' ' -, 
' . 

Del 

-2 

20.0 . \ 

19.5 

19.0 

18.5 

' ' ' ' ' ' ' .,. ' ' ' 
-4 

1 8 • 0 -h-......-rTTT......-r .................. ....,...,......,...,."T"T"T'.....,.........,......,........,~..,........,"T"T"''..,........,"T"Mr"T"T"'!,..,...,...,I"'T"T"1,...,...,....,...,...,....,.J- -8 
1876 1926 

Figure B.la 

Psi 

20.5 

20.0 

-- ...... -... 

19.5 
' ...... , 

',, -. 
' ' \ 

19.0 

18.5 

1976 2026 2076 2126 2176 

Wavenumber (cm -1) 
Meuurement of Corning, 'i' is duhed ev.Mie and fl is solid cun~e. 

' ' ' ', 

Del 

12 

10 

8 

18.0 ~~~~......-r......-r ......... .....,...,."T"T"T' ......... ..,........,..,........,..,........,..,........,..,........,,..,...,...,,..,...,...,,..,...,...,,...,...,....,...,...,....,...,...,....,...,...,....~6 
1876 1926 

Figure B.Jb 

1976 2026 2076 2126 2176 

Wavenumber (cm -1) 
Meuurement of Corningja-Si1.zCz:H (z=9%), 'i' is dashed ev.roe 
and ll is solid cun~e. 



- I 

Psi 

20.5 

20.0 

19.5 

19.0 

18.5 

Figure B.lc 

Psi 

20.5 

20.0 

19.5 

19.0 

18.5 

.. _, .. ,_ ...... ·-' ' '• .. 
' ' ' ' 

1976 2026 2076 

Wavenumber (cm 
2126 

-1) 
2176 

Del 

15 

13 

11 

Measurement of Corning/a-Si1.xCx:H {z=6%), \Ir is dashed cun.re 
and ll is solid cun.re. 

Del 

8 

6 

4 

18.0 ~~~~~~~TMTnTnTn~~~~~~~MTMT~nTr-2 
1876 1926 1976 2026 2076 

Wavenumber (cm 
Figure B.ld 

2126 2176 
-1) 

Measurement of Corning/a-Si1.xCx:H {z=l!%}, \Ir is dashed cun.re 
tnulll · 


