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How to measure the absorbance of FTIR peaks in presence of fringes (oscillating baseline)?
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Represent FTIR absorption peak by a Gaussian: .fexp| —
where 4 is the amplitude, vq the wavenumber of the peak position, and

o is the the wavenumber shift for which the absorption falls by a factor 1/e.
The Full Width Half Maximum is given by ###17 =25/ In2

The area under the peak = Ao = (.40') o< ( AX FI Il’/ﬂl/).

Suppose that the volume of 100% solid aSi is proportional to the area under

peak vp = 2000 em! so that Vas = .5'3000(40')7000

where Shqqp is the oscillator strength of the Si- H bond vibrations in the a - Si - H matrix

Suppose that the volume of microvoids is given by #,54 = .5'2030(.40')3080

where Shpgg is the oscillator strength of the Si- H bond vibrations in the internal voids

(Dangerous, because 2080 cm”! could be due 1o pc-Si:H. See Kroll thesis etc)

With these assumptions, define porosity as:
Vol. of microvoids Vol. of microvoids

Porosity = - — = - - — >
Vol. of porous a-Si:H  Vol. of microvoids + Vol. of solid a-Si: H

1+ Sao00( 0)2000
52080(-40')1080

Fososity =

$2000
2080
by comparison with ellipsometric porosity.

The unknown ratio

couid perhaps be estimated

NB The area under the peaks, cven [f baseline- correcied, does not give true absorption

because the offéctive optical path in the absorbing substrate has changed
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We need to understand the transmittance and absorbance for an absorbing film on an absorbing substrate

Where is the problem? Surely we just fit Gaussian curves and subtract a linear slope baseline.

The basic problem is that the baseline itself will be changed at the peak positions, as explained below:

... the peak is there because there is absorption,

i.e. the peak is there because of a change in the refractive index of the film n+jk
i.e. the amplitude of the reflections in the substrate/film system will be changed by the change in n+jk

i.e. the absorbance of the substrate and filn will be perturbed at the peak position

i.e. the baseline cannot be simply interpolated and subtracted from the peaks

green: model of an absorbance peak at 2080 /cm.

red: simulated absorbance measurement of a
Fm a-SitH film on a silicon substrate.

blue: demonstration of the change in baseline

at the peak position.

The deviation of the baseline from the assumed,
interpolated baseline gives an error in the peak
area.
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Basic revision of complex refractive index, starting from Maxwell’s equations.
In contrast to most courses, we will NOT limit ourselves to transparent media (which have real refactive index).

5 . . . OF, 0,
Vx £= — for a plane- polarised (transverse) wave travelling along z axis : d— =-U P —, (u=pu,u,)and
4 iz 4
D ' : oH :
VxH=/+—=0F+ e‘i—g, for a plane- polarised wave along z: — —— = e —& + Of . (€= ¢,¢,).
- /4 it = ) i

1z

Take a single Fourier component and try solutions of form exp[_/'w(‘— - )] for a wave travelling along +z,
4

where #is a complex refractive index. We now have :

w2 = JouH , and - 'ng,= - jwe + 0 )£, which are satisfied if gz = U .£.+—/-g£‘—".
J o v = SO 3 J c ) J A 7%

we ,

ou,.

Therefore =N + jK, where NV? - K2 = u,€, and VK = . (Note: if exp

2we

j(o(/— %‘7”, then 7= N - JK)

0

The intrinsic impedance of the medium is defined as 2, = —
.

aa %c-. (Note : free space impedance = pc=376.782)

. . . dE  JdF 2
(see Bleaney p235) Note : if we equivalently write Vx A= o0£'+ 37— = gdf:, then € = »
’

Basic revision of absorption index, absorption coefficient and absorbance.

. . i Hnz
From above, the electric field can be written as £'= £, exp[ /m(‘— - r)

i o
= £ exp(_fﬁ) exp /-w(ﬁz_ ,” = £, exp(—%f) eX[)[_/(A':— (0/)] (Note : if exp{/a)(/— E_Z)], then 7= N - jK)
- c ¢ == ¢ c
where w/V = © =f= 2_n which is the wavenumber in the medium.
¢ phase velocity A

The wave intensity is proportional to the square of the amplitude (see below), therefore :

Intensity = /(:) =/, exp(— 2(05:). Compare with the Lambert - Beer law :/(z) =/ exp(—a:)
c

Therefore, the absorption coefficient a = (
c

2wk )

K= lm(g) , the imaginary part of the refractive index, is also called the absorption index.

The absorbance of a layer, thickness &, is defined as ad = 2de. (see Longhurst pp 493/4 & 503)

C




Basic revision of intensity and the Poynting vector.

Intensity /= Time- averaged value of instantaneous Poynting flux

7=(Hr)xHr9)= %Re(éo xgg)

where £, and 4, are complex amplitude vector functions of position (see Born & Wolf p33 for proof).

Using Zp,=—*= He from above, we obtain :
RZ 7

* 2
. £,
/=%Re(§0xg0)=%Re £,- L0 =% Re[i]

* *

2y Zy
2 2
4] 4] .
/=—— Rely#)=—— N (assuming u, =1)
26'/10 ZC"UO
Basic revision of Fresnel transmission & reflection coefficients; o n n,
and transmittance and reflectance, at a single interface incident . | —transmitted
reflected +——

For normal incidence (see, for example, Bleaney p244, Longhurst p522-3, Born & Wolf p630):

E/z'//ec/et/
) . . _ £y |
Complex amplitude reflection coefficient, 7, = —— =
E(I)/lt'/l/(’/l/ n+ 1y

> Fresnel coeffts. are #we for every case.

transmitied I
Complex amplitude transmission coefficient, 7, = —>— = =
- E///c/t/(w/ o+ 1y
0 —_ —_

.

, \
Re(m) ‘ 5 ( N, - /vz)

=t =

2Re(£7|) (/V1+/V2)2+(K,+K

reflecied,
0

[$%)

reflected power

Reflectance, A&}, =

incident power ‘ incident
0

2
transmitted. 2 2 /
. transmitted power ‘E 0 Re(ﬂ) 2 NV, 4(N 4 )N 2/ V)
Transmittance, 7j, = — » = . = ‘_112| S - -
ncident power eident|
V4 E(/)//ut/u/l Re(g,) 1 (/\/’l +N2) +(Kl +K2)

J

NOTE : There are no losses at the interface, BUT A&, +7;, #1 UNLESS X, =0!

RE . . . . . . Salzberg, Am. ) Phys 16 44 (1948) &
ASON : Transmittance and reflectance are not uniquely defined in absorbing media! i, ico0 /s fiim Opsical Fitiers” pi2

MORAL : Use Fresnel coeffts. ONLY and, az #e end, calculate transmittance & reflectance in transparent media.

DO NOT sum reflections of intensities in absorbing media!



| WARNING

We now consider a general matrix treatment
for multi-layer structures.

But we will see that this general case
gives the same result as the familiar
‘infinite series of reflections’
calculation for a single layer on a substrate.

Do not panic.

Reflection and transmission of multilayer structures :- (A) The MATRIX technique.
following B. Harbecke, Appl. Phys. B39 165 (1986)

"
E, E.* I
2 =
forward wave » lorward wave

l_ll+ H2+

E, E,
reverse wave

H,

reverse wave <«

T B>

1

0| o

1) TRANSFORMATION OF £ AMPLITUDE ACROSS AN INTERFACE
The fields represent the total, self - consistent amplitudes decomposed into forward and reverse travelling waves,

they are not individual 'rays' or beams.

Continuity of tangential electric field at the interface : £} + £] = £5 + £5

Continuity of magnetic field (using 7/ = £/ Zy o< £n): mE} — n £y = m £3 — 1,5 (NB A vectors are reversed)
Solve for £) in terms of £, and substitute /4, and 4, for combinations of the refractive indices :

B = B} [t + no 5 [y and B = 5B [y + 55 [ 1y

In matrix form:

2N 111 - £
L= —{ rﬂ] 2 | which transforms £% and £~ across the interface from medium 2 back to medium 1.
E | flbd 1 &



Reflection and transmission of multilayer structures :- (A) The MATRIX technique.

+

JE
ey
Ny n, H/ H, n n,
2) TRANSFORMATION OF £ AMPLITUDE THROUGH A SINGLE MEDIUM

\/

v

For forward waves: £ +(:, t) =£ :; exp[ ja)[—"l—: - /ﬂ, therefore :
¢

Ny — = 7
£ (z0,0)= £, exp[/w(ﬂ : ,)] = £, exp{—/‘w i'—")Jem{/w(ﬁ : ’H = exp(— g “’Ed]f EW)
C C C !

[4

For reverse waves: £ (:, t) =£ 5 exp[ /,a{_g_z — fH, therefore :
c

£ (20.0)= £, eXP[/'w(— % - fﬂ =£y exp{/w g(i;io)}exp{/w(—% - ﬂ = eXp(/ wfd]é_ (21.2)

. _ wnd
In matrix form, substituting complex phase factor ¢ = exp(/ z ) :
-

[‘ET(ZO )} = [l/(p O}{Ef’(z, )} which transforms £+ and £~ backwards across distance <in medium 1.
£ (zp) 0 o] £ ()

Reflection and transmission of multilayer structures :- (A) The MATRIX technique.

media i, i-1, etc. < éEb_
H | L |
3) TRANSFORMATION OF £ AMPLITUDE THROUGH A MULTI-LAYER

For transmission through any general system of 7 layers from zto 4, there is no reverse wave in 4:

{?}[rﬂ,h tallo[Aiasaa)-Arrizr @[ 2isn oo [‘Pm][’?mb”m’b]{ﬁﬂ{M” an][ﬁ'ﬁ}

a 0 My Myl 0

medium a

A

.. . . ] My My ¢
Normalising by the incident amplitude £, we get : = 12 fab .
Tup) M My 0
from which 47, =1/¢,,and A5,/ M|, =1,

0 My, M y
Equivalently, going from 4to @, we get : l: }=|i H '2}[11’”},

tpal | My My |
fl‘om which MlZ/M” =~Th4 and (Ml |M22 _MleZI)/M” = [bll'

Now we know all the matrix elements in terms of reflection and transmission coefficients. Solve and substitute :

] -7
£ - L bu £ . If front # & back 4 media are the same, then det(M) =1 & ¢,,=14,
£ Lup | 7ub ([Ilbt/}(l —Tub’! 7)1/) ﬁ; o

a
but generally 7, # —74, (unless @ and 4 are adjacent media (no layers!), for which 7, = -7, always).



Reflection and transmission of a single layer :- (A) The MATRIX technique.

+

E .
I E, .
incident wave > transmitted wave

/A N

LE/
reflected wave < H Na d

v

4) TRANSFORMATION OF £ AMPLITUDE BACKWARDS THROUGH A SINGLE LAYER

Now for a single layer, thickness &, index #,, sandwiched between media of indices #, and #5. From above :

] l . I —/ , 2
[ i| = L[ "2'}[1/(/} O:ILI: 32 }[ g’ } After straightforward multiplication we obtain :

sl Mmld 1 L0 ofhsln ]

. . : bty )
Amplitude transmission coefficient, /5 = L’(p?

= r317330" . Jond
, ¢ Where complex phase factor ¢ =exp| —— |.

: . . h2/217939" ¢

Amplitude reflection coefficient, 73 = 7, + Lz’(pz
1= 7317939

Reflection and transmission of single layer :- (B) The INFINITE SERIES technique.

——

, /mb
12 byl —¢—T2 | t129ts3

t ' I8 / "2
| ./2¢ 23082 \-‘P\\ 1129r 2390915,
1@ro3Pra orasfty, 4/,, n, i

112@r 230821 9r230r2,9 13

-
oo

2 2
Amplitude transmission coefficient 75 = /lz(p/23{l +(/'23q9/'2,cp) + (r23q9/'2,<p) + } = No@ty; D, (/‘23/ﬂ2|(p2)

=0

Lt L . .
Sohy = 2739 \hich is identical to the matrix method.

 =mime

W /16
/ ‘/) as before, used here to transform forwards.

J Note: ¢ = exp(

: . . 2
Amplitude reflection coefficient /i3 = 715 + /|2<p/3,_3q)t2|{l + (/‘2|<pr23q9) + (/‘ZI(p/'zf,q)) + }

2
Y2017939

1= 11139

Sy =+ which is also identical to the matrix method.

CONCLUSION : Self - consistent result for matrix and infinite series methods

but the 'infinite reflection' model is less elegant to generalise than the 'matrix method'.




PAUSE

Both methods give the same results
for the amplitude coefficients of
transmission & reflection.

Now we look at the intensities via the
reflectance & transmittance. with
a) interterence fringes, and

b) interference-tree case
(Still for single layers only)

Reflectance and transmittance: a) interference fringes in a single, "coherent" absorbant layer.

From the p6 on Fresnel etc. (NB we assume the front and back layers are vacuum, ;= z; =1):

£ % *
2Re(£’3) 2039 Loln®

Coherent Transmittance of the layer, | 7}, =143 = "
( la)coh 1 Re(g,) 1 —/'21/’23@2 | _r;],~2*3((p2)
2, 2
_ : |t|72| o eXp(—ad) since " = exp(_2wK2d2/c) = exp(—ad2 )
1+ I”21’ msl exp(—Zaa’) -2 Re[r2,r23tp2]

To investigate the oscillatory term, we write 75, = ‘rz,|exp(j6,.2,); also |’12”f23| = |t,2123‘:

( 13) W |112[23|2 exp(-ad) , where 6 = 2oy
R ’r21r23|2 exp(—Zaa’) - 2{/‘2,/‘23’exp(—ad)cos(6 +0,5 + 6,.23) ¢

This is the intensity of the transmitted light, with fringes, which would be observed with perfect resolution.

ﬁ Similarly (*see pp18-19 for two treatments of complex amplitude reflection coefficient),

? exp(—2aa’)

. *
‘ﬁz’zn’zs Rtz ta173®°

— |
1= 1139

2 2
= || "+

(RB )coh .

13

+2Re

1+ |r21r23|2 exp(—2ad) - 2|r2,/23|exp(—ad)cos(8 +0,9; + 6,.23)

This is the intensity of the reflected light, with fringes, which would be observed with perfect resolution.




QUICK NOTE ON TAKING THE MAGNITUDE OF SUMS OF COMPLEX NUMBERS
The magnitude squared of (g+ é)

[+ of

= (ﬂ+ b)(a+ b)* = (g+
'n| |4 +a b* +a*-b
14 U vt e ):

4’ +|4" +2rd g £*]

Write: a=|dexp(/8,,)

o 8 -1+l + 26 5.
W+l e o, -5,
oo -l + ot -5

4 exp(— jo ,,)]

So 1(g+ é)'z is the same as ([I+ /J)2 = & + b* +2ab except for the factor cos((S(, - 5,,) in the product.

Now consider what happens when the instrumental resolution is not high enough to resolve the fringes:

I'he intensities are convolved with a broad function: equivalent to taking the average over a fringe period.
Note that this averaging conserves energy, since the convolved intensity is the power average of the fringes.

The result will be the interference-free intensity. due to a single "incoherent” layer,

NB We nnplicitly assume™ that none of the refractive indices vary with wavenumber over a fringe period!
Fthis is OK for substrate fringes BUT not true il we average thin film fringes over Si, S10., modues ete!

We will need the following 2 integrals :

7 [ i \ |
A= 2”—fnk|+[, +20cos¢J=(1_ ) (|0|<1)0rm01egene1ally

M=o ] (oees) - \(,—) (4=

|l explsp)dp \ g =

— (exp(./?ﬁ)(l - dexpl /)" a’qb)

2 2= ZH_HLI—Aexp(/(/))) 2

> } (exp( j¢)(l + 4exp(_/¢) + 4ﬁexp(2./¢) + ---)dfi’) (for M < ')

-t



Reflectance and transmittance: b) interference-free intensities in a single, "incoherent" layer.

Taking the integral averages of the coherent intensities on p14, we directly obtain :

: 2 Re(£~ , ,
Incoherent Transmittance of the layer, (7]3), o = \as ——7); valid only for transparent media 1 and 3
mcoh
e(m)
2

'[12[23 exp(—ad) .

(7’]3), = > , where we have taken z#y = V3 = n; = V|, for example, in vacuum.
mcecon Z
- I/‘2|/23 exp(—2ad) same as Eq.(16) B. Harbecke, Appl. Phys. B39 165 (1986)

This is the intensity of the interference- free transmitted light, with low spectral resolution (or thick substrate).

Similarly, the Incoherent Reflectance of the layer is

? exp(—Zad)

Fia

Re()/ "7

2

2 Re(_/_/,) 2 |/12’2|f23 : : "
[ ,l + valid only for transparent media | and 3

2
/‘21/”23l exp(—2a[/) same as Hy17) BL Harbecke, Appl. Phys. B39 10635 (1086)

(Rl 3 )incoh =

This is the intensity of the interference- free reflected light, with low spectral resolution (or thick substrate).

NB notice we have not simply removed the oscillatory terms! The sign has also changed in the denominator!

*Simplification of complex amplitude reflection coefficient, in view of calculation of reflectance of a single layer :

NB All these expressions have been verified using 7eszngr 3.m

2
YL Tk
420 23<P7 (rA)
1= 7175397

Amplitude reflection coefficient, 73 = #,

2 2
— n = - < 2
_ 42(1 217239 )+ /|212]’23q) B o + 3@ (t|2[2] - /‘12/’2]) T + }’23(’)2

i3 = (rB)

1= 73175597 1= 75179307 [- 7
L = 211239 = 791/239 = 217239

since (112t2| - 42/21) = | for ALL adjacent pairs of media, and where complex phase factor ¢ = exp(lw%z).

(rA) and (rB) are two equivalent forms of complex amplitude reflection coefficient for a single layer.

? . For (rA):

The coherent reflectance can be calculated from both using (/\’]3) W |r| 3
con

l/,z 12]/‘23|2 exp(—2ad)

* 2
+2Re UPLIPLA LU (RcohA) as on pl4.

2
R =|ria| +
( ]3)°°h ‘12' l+‘r2,r23i2exp(—2aa’)—2Re(rzlrz3tp2) I= 1139

{For (rB): .
2 * 9
exp(—2ad) +2 Re(r]erqo’)

2 .
(R |’12I +|’23
l?’)coh =
L

(RcohA) and (RcohB) give identical results.  PTO for incoherent reflectance

. (RcohB) - the best for coherent reflectance calculations

I+ ‘r21r23|2 exp(—2ad) -2 Re(r,_er(pz)




The incoherent reflectance can be directly calculated only from (RcohA):

(R13) _ ‘,_ |2 N |t|2t21/‘23|2 exp(—2ad)

incoh

5 (RincohA) as on pl6.
1- |/'2|r23’ exp(—Zad)

and this can be written :

‘/12‘2(1 - l/'2,r23l2 exp(—Zaa)j) + "12121/'23‘2 exp(—Zad)

Rys). =
( : )mmh - ‘/'2115_3‘2 exp(—2aa’)
finally
"'12|2 "‘"‘23‘2 CXP(—20“1)“’12’21|2 —‘/'12"2||2}
(/BH )incnh = (RincohA)'-best for incoherent reflectance calculations

- ‘/'21/'23‘2 exp(—Zad)

2 2\ . 5 .
Note that (/12121 —112/'21)= 1, whereas (‘tlztﬂ‘ —|/]2/'2|‘ ) is nothing special.

Reflectance and transmittance of a single incoherent layer :- The MATRIX technique.

+

E, E;
incident wave ' transmitted wave

H, Hy
) N - . N B
reflected wave - d

1

Z

[
>

TRANSFORMATION OF INTENSITY BACKWARDS THROUGH A SINGLE INCOHERENT LAYER
For a single layer, thickness & index #,, sandwiched between media of indices #, and #3. From Harbecke :
l

(RB )incuh

After straightforward multiplication we obtain :
[ _ Tn7yX
incolh - R21R23X2
2
R+ Ry X (712721 —1?12/\’21)

Incoherent reflectance, (1813)inc0h = = oo R X2 J
= £y 3

0

Vb)incoh}. where X = &

AR .y /X o] 1 [1 -Rs
Ty | Ry 127 =Ry || 0 X | 793 | Ryy 7375y = Ros Ry

Incoherent transmittance, (T, 3 )

L same as previous results

I guess that here, Harbecke means 7’as M etc. because the intensities are not uniquely defined in absorbing media...



Reflectance and transmittance of single layer :- The INFINITE SERIES revisited for intensities

-/ 1

e T3
R) Ty e 23 T)e® Ty
Ty % Ryze ™! Ty, il Te®Ry;e% Ry, e T,,
T)3¢% Ry Ry e Ryye Ty, M = -

o ol -ad -ad -ad
T);e®Ry3e ™Ry €% Ry;e ™ Ry e Ty

p

Incoherent Transmittance (7’, 3). ,
incon

2
- ﬂze—at/rz:‘) {] + (R23€_allﬁzle_ad)+(kz3 e—al/RZIe—a(/) + .”}

Ty Ty3e™ ™

] _ R2]R23 e—Za//

© V4
~-ad —2ad
=7pe "7 Y (A’zsﬁ’znf ) =
=0

<

Incoherent Reflectance (/?13 ) ncoh

2
= Ry + T * Ry Tz,{l + (/e2 & Ryy ! ) + (Rzle‘a’//\’B e ) + }

—Jad
. 71375 1Ry3€

I - Rllk?_:‘) e—zat/

~(R3). =
( 13 /incon 12

2
If &y = |ns “

2 - L . ,
, I — 'z,zl and @ = ¢~ we get the previous incoherent transmittance and reflectance directly!

2. . 2, . . 2 2
Ry = |42I is valid for reflectance, BUT 7}, = |z‘,2| is NOT the transmittance, since 7}, = |t|2| Ny [Ny = Itlz‘

. We are NOT adding an « series of intensities (undefined if absorbing!), we are adding an o series of |ampl .

. . 2N 2 N5 2 2V, 20 2. .
The intensity seens to work because 7),753 = |112‘ “Lns| == lt|2| ’1‘23| = = ]l,2| |t23| in this case.
NI N') Nl

Transmittance of a single absorbant layer surrounded by non-identical media.

From the pages on single layer transmission, we stated that the front and back layers are vacuum, #, = 5 =1.

[F the front and back media are different, then (valid only for transparent media | and 3):

2 2
Coherent Transmittance, (],P)mh _ |z ﬂ|z Re(ﬁs) _ ‘42‘ |t23 exP(‘aa’) Re(m)’ and

i Re(ﬂl) l+1r2,|2‘/'23 2exp(—2ad)—2Re[r2]r23q;2] Re(’—zl)

’ exp(—aa’) Re(g3) ~

2exp(—2aa’) Re(g]) i

)]

\“12’23

Incoherent Transmittance, ( ]’,3). L=
mcoh

‘13

]-|f2|f23

Therefore, the Incoherent and Coherent transmittances are the same even if the media are different

on each side of the layer.

NB We have taken the media to be infinite on each side : this is as if the substrate were infinitely thick, and the
power measurements were made INSIDE the infinite substrate material, which is physically unlike the Bruker.

- 1

; -ad T_) 3



Don't sum intensities 1n absorbing media
=> Don't use transmittance nor reflectance
in absorbing media

Always use Fresnel coefficients and calculate
transmittance and reflectance in vacuum
at the front and back, since then

2 2
s Ry = "bbl

Zpp = ‘tﬂ/J

A simple example: Interference-free transmittance of a clean silicon wafer.

_ silicon —_—
| 2 3

Transmittance = Transmitted intensity/Incident intensity, measured using e.g. the Bruker.

For a gas, 7, g,,,.‘.(v) = /(v) / /(,(v) = exp(—A'LL,,,_,.(v)[/); Absorbance 4,,,, = - ln(7(v)) = A:_g,,,.‘.(xf)rzi
- see internal note INT 190/97.

BUT THIS IS NOT CORRECT FOR A WAFER BECAUSE OF REFLECTIONS. Instead we use:

2
/u'///i'/' ‘/12t23 exp(_ad) .
( 3).1 W= = 5 . where we have taken /75 = V5 = = /| =1, e.g., in vacuum.
mncon h
L no wafer - l/'z 1723 eXP(“zad)

This is the interference - free transmittance for low spectral resolution, for example 8 cm™" with a 200 um wafer.
For the wafer: s, = &V S,(v) + JK S,(v) ~3.42 for the wavenumber range v = 400- 3000 cm™' because & << V
(see next page).

2L/| 2 * I

Calculate the Fresnel coefficients: 7, = = =045, similarly 75 =1.55, 5| =n; =055
- 4 + 17 1+3.42

Also, a =2wKg(v)/c=2-21 Kg{v)/A =221 lOOv[cm"]KS,-(v) = 400K g(v)-v [cm" ]
where X 5,(\/) is taken from data tables.

continued...



0.45-1 .55]2 exp(—400m{’5,-(v) v [cm" ] d)

.. Interference - free transmission of a Si wafer, (7’,3)mcoh > :
l—,0.55'0.55| exp(—2-4OOJIKS,-(V)-V[cm"]- d)

0.45-1.55"

In the absence of absorption peaks &~ 5,(1/) =0, and (]",3)im0h = =0.54

1-]055-0.55"

Good agreement between model and measurement, using literature values for Ng; and Ky;.
Note Kg; << Ng; as assumed above.

NB To eliminate the absorption due to doping, use intrinsic silicon or high resistivity n-doped
wafers (holes have lower mobility than electrons to infrared excitation)

4 - T T T T
; sificon Re!raéllve Index ChD. qda Siticon Refrdctive Index ChD.qda ! Si water tfansmission
{ tnmsmlwlnn qda
3.5 hitivasmaddns SR 109 - e T e bbb earn] nnd n&kCthdn
e - i 08 |- v
: —— oid waler transmission |
- = = = CMI waler tansmission
[ e -4 4‘ 10 e Tab waler 200um :
2 | 3 06|
i i 5
25 i 0% - g UNPEECCEE LR,
: = ~
: | 04| ey .
3] DT . 10 (<4 hlgnbnp-aopod CMI wator
o m em resistivity
/
15| 107 02
1L i T I | 108 L L L L L ol ) ! L !
500 1000 1500 2000 2500 000 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
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Up to now, we considered only single absorbing layers

> : > ,,/‘ expl-o &
4 subsstlate b (T”/’)incoh -—° b‘ p( ) for a single thick substrate.
~\ sa’sb exp(—za.rdy)
Now add an absorbing film on one side:
2
17 24" expl-a,d,
— substrate | ——» (T,,,,), e s p( : ) for a film on a thick substrate.
a c S b film/incoh =, 2
i i 5 exp(_zasdy)

We will also use the matrix transform to add extra layers, but for one extra layer we can also proceed as follows :

| and | in the above by the effective magnitudes:

Replace the Fresnel magnitudes l
2
I t'as| = pl4 for coherent layer, p17 for incoherent layer (ﬂE lLe=2,5= 3) (respecting the layer sequence),

2 .
[ /"MI = pl4 for coherent layer, p17 for incoherent layer (.y =l,c=2,a= 3) (note the reversal of the subscripts)

These are the modified Fresnel coefficients due to the thin layer ¢ between media 2 and .

Coherent magnitudes result in interference fringes due to a (thin) coherent layer.



Wait a minute: does a thin native oxide change the wafer transmission?
(because the interface refractive indices are changed)

. . 2n
Without oxide, 7,, = —%
n,+ A
22(/ ) ZLI c . ®
.
[IIL'[L'.('(pL' LI[I + —,-7[ ZZ(' + LI.V

With oxide, 7/, = =
2 n,—H, H.—H, -
1- Tea’esPe | _Z¢ Za Z¢ Zw, .
Ho+H, B+,

' 2N go. d,. . <
. = exp(M) & exp(/%) 9 exp(/QJI' 1.41-30-107 -2 10’) ~ exp(0.05 /) = 0.99 +0.05 /

for 30 nm oxide (index 1.41) at 2000 em™.

In the limit of thin oxide, ¢, = 1, and simplification shows that :

= ) _ . H
/=1, andalso /' =r,, .. (T,,b)inmh is unchanged.

(T”,,)i" =2 changes in fact by =~ 1% at 2000 cm™' for a single native oxide of 30 nm. (see Zaboxidewaser.n)

We can ignore thin native oxide for accuracy of few per cent.

Expect only weak effects (no fringes) for the thin films
on the waler before a-St:H deposition.

S10, SiC

35 — 357 —
~g; ~g;
3 3
25 2.5
g;c
2 2 4
Ngi0,
1 5\{ ///——H— — 1.5
1

- - 1
1000 2000 3000 4000 5000 6000 7000 1000 2000 3000 4000 5000 6000 7000

1.1

Transmittance for 55 nm
105t SIC adherence film

Transmittance for
105t 2 x 30 nm native oxide

9 ’

1000 2000 3000 4000 5000 6000 7000

9 " " "
1000 2000 3000 4000 5000 6000 7000



What ha ubstrate transmittanc

*rent film incoherent substrate
r ‘ —a,z/
as sb . . .
(]’,,b) . = for a film on side # of a thick (incoherent) substrate, as on p25.
film/incoh a ‘/_, P 2 _ad, this 15 Iq (l Vin N. Maley & I. Szairanck.
|7 sa’sb MRS Proc.192 663 (1990)

We use the incoherent magnitudes (see pp17, 19): is this permissible” - he assumes u transparent subsirate.

(lC |

2 .
! , respecting the sequence (e¢=1l,c=2,5=3),
as ey P g
1- Yeales e et
i 2 2 iy 2
2 /.VC' + /('(I e lif'rlﬁ 75! |
’ 7 m‘ = s=lc=2,a= 3) (note the reversal of the subscripts).
l Tea’ c‘;‘
2 -
/(I( ,C'.\',i!'b! e (IA‘I/J.E all/"
(7’”1,). L= : , with 8,.=|z, ? ete..
incoh/incoh a,d, 2 oud 12 2 g 4, <
] L(I Cf[ e '/‘\/7‘ e o ‘/:l(| + /;_’(I e ¢ [ S CS' ‘ SL oS :|}
-,
(T b) = H(/(B exb il
92 incoh/incoh . -2a d, 2a .« ’
- Fc(/Fu() e F.v/Je ! F F(_{Ie [Hscgu F.u'rc:r]

NB where 6 is NOT transmittance, but (magnitude transmission coefft.)?, although I' is identical to reflectance.

For later comparison with the coherent film transmission, we write X = e %% and X, = e s
0,80 ,X X,

{ac

-, IX2-T,X? {r + I, X2 [0..9..—1"_,.;0,,.]}’

aas oy NCT S

) -
( @b ] incoh/incoh

collect coefficients of X

_ HIIL'BC‘S‘H bX Xc
(1—F,,,rs f)-er {r +T,Xx 20,8, —F.J"m.]}

oa SO0 S

AX,

. (Tf’b) incoh/incoh B—D')(—z

-

where 4=6,6,.0,X,,

ac

i1B= (1 -I,r. X f ), . Two, thick (incoherent) layers

D'=T, {r +1"J,,X,,2.[9_n5m—Ij,.crm,]}

.

(?! We will see that <Tcoh,incoh> # Zicoh/incoh €XCEPE in special cases.)



Transmittance of a double incoherent layer :- The MATRIX technique.

—_— substrate — >
a c S b

1s this permissible?
For adjacent incoherent layers, thickness &, and #,, sandwiched between media # and 4. From Harbecke :

i o [1 -r,, HI/X o} 1 {1 -Ty, }
(R”/’)incoh/incoh H(IL‘ Fﬂ(: {I(, ca = HCFL£! X(' Gc.s' Fc'.'-' Bctt‘g.vc'_r(:rryc

Z.1)
( @b ] incoh/incoh

VX, 0 1 -, -
..... /X, sl o , where X, = ¢ %%, X =e&%%
0 X s es'h I‘.r/? 9.4‘/)0/73 - I_‘."/JF b 0
1 ] 1 [ | _FLYI 1 _Fu 1 F/)s (711/))
(Rtlb) 9(1{'0 B.s‘ch‘X.s' Fm’ you Ft‘.s'th‘ (01:1'9.1( Fur\f )Xzz F‘ngz sideways 0
L] | (I F((lrt ‘Xz) _I-‘.\'(' . ra/(er'.ve.w' n F(:vr.sz')Xcz‘ I bargep0|e (];I/))
2
_(/e(l 7) 9{”6”9 s'/)XcXJ' with a I_‘.s'/JX.‘—' gently 0
I ! (l FL(IFC st) Fs/szZ (F.u- + FL'{!(Hc’J'BJ'l' - Fz:"rs'c')th') you (711//1)}
(/‘)m) 040 505X X thank madam|| 0
6,0,.0,X,X, . .
(7"”/})_ e = a0 X X . , Same as top of previous page.
SR (1 FC(IF( \X ) F\/)Xiz (1—‘."(' + r('(IX(—' (H(tve.r{' - F('.\'I-‘.l'('))
To compare with other authors, we adapt our notation from p28/9:
 — substrate —_
a c ] b
R| L] RZ, R??
T, T, T,

For these authors' notation, 2, =A%, =%

i oa?

R=R, =R, R =2R,=R, whichis true generally,

(4} Fe

also the reflectances #=1TI".

Authors also substitute the (mag.)” product 6 P00, by atransmittance product 77575 where | suppose that

. . 2 Re(g() 2 Re(gll)
717,75 is intended to equal the transmittance product 7,,.7,.7,,. although 7,,.=|7,. 2 7., =ty ,
) )
therefore it is lax to represent a transmittance with a single subscript.
o 2 Re(g(.) 2 Re( _/_,.) 2 Re(ﬂ/,)
However, the product 7,7,77 is fortunately correct because 7,,.7,.7,, = ‘ el == /m‘ l(,./,
() ! ~en) el

2 Re{z,, :
| ;/J :(( lg 8,8 .8,, because we take 7 and 4 to be vacuum. .. we can admit that 777,75 = 8,60 ,.
-

Furthermore, 6,6,8,,=6,8.8,, ascan be seen by expanding the 8's and using ‘//

LS

2 . .
, 1.e. symmetric.

{4l Y

ol = ‘L’b

2

They also replace 6,6, by T,— 7.7, if we give them the benefit of the doubt, and
2 Re{ # Re{ s,
e( ) ? (_") =\t 12, =6,0,. .. wecan also admit that 7%= 66 ...

e(g.‘.) Re(/z .)— e R Vg i o

Lo

Tl = |t




Note that the final transmittance is symmetric, i.e. (]j,,/,)incoh fiocoh (7’ ,,,,)incol Jincoh
Ci

]]]’27'3 e_a.ldr e_a("/r

1= R Rye 2% — oy 20 {A’z + R, e'za"/*'[]'zz e ]}

as required generally :

Z, ) = . is expression is exact.
( @b ] incot/incoh This expression is exact

fractional error~1 ;) 4
However, it is only possible to obtain their following expressions if we now substitute 7}_2 = (] - /1’2)

16(/v3 + K2 )(/vg + /(3)

Check validity of this substitution: 77 =6, 8, = 5 whereas
’g“, +n,
16V, N, +K,K,)
(1-2)° - ey L rf=(1-R) onlyif K, & K,=0, or KN, = KN, (Heaviside condition?)
s+ )
Lss ]]]E]}’e—aﬂ_".e—a(dl

Substituting nevertheless : (T

a.

b o fincoh
)mcoh/m(.oh - RIRZ 6—201(1./r _ R3 e—.’lct_‘afr {R2 + Rl e‘za"{"[l _ 2/?2 ]}

o,

. a{?4
“ and xy = &

Writing x, = ¢ % and collecting terms, we get :
v T\ 737500y

(Tab), Wincah ™ , same as D. Franz thesis 111.36. Ref. Keradec.
neolvineon (1 - /172/?3):3) -} {A’IA’Z + R Ryx3 - 2/?,1?2/\’3,r§}

Quadratic solution for the film medium transmission x; = PR

x = {P+ \/PZ +2QT”/;(I - /\’2/331‘22.)} 05 P=-NI1)T3xy; Q0= 271117(/1’1/\’2 + R Ry ‘21?11?2/\’31%)

If we approximate the substrate by a transparent dielectric (,rz = 1), we get :
(T”b)incoh/incoh 2:/ - e - ’
(1- o) - 2% Ry + Ry 2R By 3}
and further substitute 7, = (I - A’,,) for 2= 1,2,3 (which is WRONG for absorbing media!), we get :

n
(7.) 3rd (1-2)(1- &)(1- &)
IR . =
22 incolv/incoh L= Ry R — {RIRZ + R\ Ry —2/?|R21?3}e_2a{/
This equation is also used by G. Connell* & A. Lewis, Phys.Stat.Solidi B60291 (1973)
and E. Freeman & W. Paul, Phys.Rev. B18 4288 (1978). (*Tsu et al, Phys.Rev. 172 779 (1968) is wrong).

, same.as N.Maley Eq.(2),

The 'classic' method is due to M. Brodsky, M. Cardona & J. Cuomo (BCC) Phys.Rev.B16, 3556 (1977),
and they firrther assume that sz, = n,. sothat £ = Z; and R, =0; then:

44 47026'—(1(/ . . ) ‘
= ime as BOC. Maley Equ3). Tanglord (Solar Cells 27 373 (1989) and T,

(14 73) = (1-7) 2

7,5)
( @b} incoh/incoh

1-R . . : .
where 7}, = (] RIJ is the non - absorbing baseline transmission.
+ /1

Conclusion : we can reproduce all the expressions used in the literature for two incoherent layers

In any case, these authors IGNORE the fringe baseline!
Errors in eliminating the oscillating baseline 'by eye' can be serious!

Therefore we will return to consider coherent film on incoherent substrate.




NOW THE $50'000 QUESTION:
What 15 the transmittance of a thin absorbing film on a thick absorbing substrate?

2 _ad,
Laslop| € 7

(7’,,,,), = for a clean thick (incoherent) substrate.
incoh 2 oa o,
Tsalsb| €

2 _ad
ft/.s' ty/)‘ e

(]‘,,,,) o = for a general film on side # of a thick (incoherent) substrate,
film/incoh

ot 2 —2(1‘1/‘
=\ safsn| €
5 . 26—(1{.({'{.
where (see ppl4, 21): |/ = ﬂ—————, for a coherent film on side «. ..Eq.(H)
pp as > cohereit q

. 2
‘l e esPe

2 2
Lok oot odP o VAT /8 . < - .
and /', =r,+ cabe _ Tse® TedPe (since 7.z, — r,7.. =1) for a coherent film on side «.

) ) A Yaaat BYalray
1- FestedPe 1- Vst ed®P o

We have used the COHERENT amplitude expressions for a THIN film (p18)

2 2 = — * I /
2 l,;CI + ,.L'Il e zall/‘. +2€ a(l/( R%"‘[’;[/c)fz‘m/vc!/‘ ]
‘ el = . (wavenumber v in I/m here) ...Eq.(2)
- 2l
‘I = ea exPe
y 2|2 2 2 oqd —ct,d JAmVN .
Denominator ‘I—/}_,,,/;,,,(pc =1+l |7, ¢ =27 Re| 1, 70,e e ...Eq.(3)
..no-one said this would be casy...  NB All this has bheen checked in Tmodel.m
Substituting into (T ) / ’ and |/" i to obtain (T )
@b | film/incoh @ ! @b ] coh/incoh
2
S —aud, —au,
Loloslopl € €

N 2 _ _ : 2 aaa (|12 2 _ f

Vi |r ||| @723 =267 Re[/'t._,./'a,e/ 4”"”"(/“]—|/j,./, e “a“"{‘{/_;.c P LS P Re{/j,.c/;.,,e/ A ode ]}

2 -

For simplification, write: |7,| =86 ,., (which is NOT the transmittance), |,/ =1I,. etc.and X =¢ %l et :
(T /}) - H(/('Hc'.fea'/)XcX.r

“2 ] coh/incoh v * ?

l + F(Z\'F{'(IXLZ' - 2X(' R{"Llf’z'{lel4m /V(.(/r ]_ I-‘.V/7X.52' {I-‘.V(' + FL'(IXL2' + 2XL' R{’:"L”‘L'{Ie‘/Al'EVN‘.{/{ ]}

(]v ) = HtcharHv/)Xch

@b ] cohfincoh

(1= T X2+ X2 T = T X3 | -2X R e ™ 1 4 )|

This can be written as
AX —t, (.
(T”b)cohf’incoh = 2 : where Xc = ¢ %" and
B+DX;-CX

e

_ 2 daviN .. = 2
4= HﬂLBc‘SGJ‘bX.N B= (] - FSbFSC'XJ' )’ C=12 Re[/z'zle'; St (’23‘ + ’chrsz.: )}» D= Fc'ﬂ(rc:r - F.mX.f ):

which explicitly shows the dependence on the transmission of the film medium, X . = e

NB A quadratic soln. of the coherent transmittance for X, (by analogy with incoh. case) is possible but impractical.



If we temporarily make the approximation of a transparent substrate, z, =5, X, =1;

and write the film refractive index as 7z, = 7+ j# we obtain the result of R. Swanepoel,
J. Phys. E: Sci. Instrum. 16 1215 (1983), App. (A1) (4 — -4 - 2, = n~ jk for Swanepoel) :

K,=0
! AgX -
=~ S7c where X, = %% and ¢ = dnndA;

B+ DX} - X,

Ag = 16.»-(112 + A’z); B\anepoel = [(ﬂ+ 1)2 + [’2][(174- ])(Il+ sz) + A’Z];

[(/1—- I)(Il— .S'2) + kz];

Cs = 2005(77[(/22 -1+ /{’2)(/72 -5+ /(2) -2%-(;2 + l)]+2ksin<p[2(ﬂ2 -5ty kz) + (/12 —1+ 42 )(52 + 1)};

and [/IS,BS,CS,DS]=[/I,15’, C,D]x 4%{[(/” 1)2 + /CZ][(II+ y)z + A'ZJ(I +s)2}.

(T”b ) coh/incoh

Ds = [(n-l)2 42

Now we go back to the exact expression, to calculate the coherent film transmission :
2
tﬂ.x'[.s‘b‘ 9(1;9sz;

2 _ B 2’
- ’?m’frbl e 20, 1- F.r{rr.rbXJ'

7 (‘T//b) colVincoh _ XL‘HIICH('J‘(] - Ft'(/Iﬂ‘s'bX‘g )/(0(/.5')

e_ a.s”{r

For the clean thick (incoherent) substrate reference : (7’,, ) . =
re

coh/incoh = = >
2 2 2 drviV 4, * 2
(T”/’)ref (] - F,s‘b‘r.s'cXA' ) + Xcrm(rz:r - F.s'/JXJ' ) - 2Xc R%Qwe/ e (rcs' + /ffcr.va.r )J

Comparison of incoherent (p29) and coherent (p34) expressions for transmission.
The expressions are almost equivalent as shown using Tmodel .,

it should be possible to prove the equivalence analytically (see integral averages) BUT THEY AREN'T!

AX

= __c’ where A= HIILHC‘.FHJ‘bX.f’ b= (1 - F.rbr.s'cX.s% )3 D= Fcu{rcs + FJbXA%[Hschs - Fscrcs]}’

(T”b)incoh/incoh A D'X2
-

(7.) - X where 2= rm(ra,. ~TyX] ) and C'=2 Re[,;.,,e/“”‘“"’ ”'/‘-'(rm + el X2 )]

/i - 2
coh/incoh B+ DX: _ CXC

i

(i

is green {

Z.)
( @5 Jincoh/incoh

===

averages over the fringe period.

7,) ' ;
( ab coh/incoh is blue a8

(see * on plo).

1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

; I These are the thin film fringes: the substrate fringes have
A0 . .
\{ I been averaged out for all cases (by the incoherent substrate).
f
If width of absorption peak >> fringe width, then incoherent
expression is sufficient. because the incoherent expression

It width of absorption peak < fringe width. then incoherent
expression is likely to be inaccurate because the averaging
assumes that N, K are constant over a fringe period



Use the integral averages shown by Swanepoel /. Phys.£ : Sciinstrum. 16 p1215 (1983);
These are identical to the averages I1 and I'l shown on p16 earlier, but Swanepoel notation is more relevant now
(@ here includes the phase angle of complex C'):

. 17 Ax dt A
Interference - free Transmission = <Tcoh> =— 5 i = ~ .
x84 022 |-|dlreose[5+07 -|clx) 8+ 06 +|c})
. . s Ax
The envelope of fringe maxima is 7, ima =
(£+ Dx ) \q
. e Ax
The envelope of fringe minima is 73 ima = and so:
|8+ )+ |l
Interference - free transmission | 0h> \/ T naxima * P minima = geometric mean of coherent transmission extrema.

NOTE THAT IF |’ = 48, then
Ax Ax
oh>

= == > which is the result for 7., of single layers.
’(6’—- sz) B~ Dx

BUT IF ‘(12 = 48D, which is generally the case for double layers, then (Tcoh> 2 7 coh!
HOW TO INTERPRET THIS ??

Interference - free transmission <]’c

We need to know the magnitude,

e{m /4.n'v/V[1/( + il X2 )]

Re- write as C'= Re[e- ‘ e’ ] where arg(C) = (4nv/VL.a’f, + 6) and C= ‘C‘cos(4mf/V A+ 6)

and ‘61

|q _411,,(/;,” I,X? )( 7 r,,,XZ) 4T, (r +I, X!} +r,,,X2( o +/,(ju))

L,,(r“ + 7 T‘,,X )‘ Therefore :

Using the identity (r Ko /JLJU) (H“HM -, I, - l) (which is not obvious and tedious to prove), we get :

|c1 = 4T, (r AT T 5X 0 =Ty Xyl +1- eueu)) (checked OK in Tmodel aSiH.m)




> and (Tab).

Let's check the error term between <(Tab), incohiineoh

cohiincoh

<(T ”b)coh/incoh> could be simplified if the denominator were a perfect square.
This requires }qz = 48D. We already have |c12 = 4rt.,,(ra, + T T3 X3~ Ty X2, T +1- emem)).
48D = 4(] - FFbFJLX.g )Fm(rc.r - F)/lsz) = 4Fc'ﬂ(rc'.r + I—is'cl_‘.éXf - rsz.g (F.rcrcu' + ]))

I';,X 29 8., sothe "error" term is 4I",,I" ‘.,,XJEH“,CBM. What is the physical origin of it?

ca R Y& [4

ldz = 48D+ 4T

NOTE the error term can be removed in three trivial cases:

H{ILHL'ch‘ : :
A)If n,=ny then I'yy=0= <(]:’b)coh/incoh> = (T”b)incoh/incoh = m as for a single incoherent layer c;
[« C (4

0,6,,X,

as— sa” "y

B)If n.=p, then I, =0= (|7, as for a single incoherent layer s,
c a ca ab

coh/incoh> - (];’b)incoh/incoh - 2
- I‘.mr.rbX Ky

C) If =1, then Iy =T,.=0; 6,=0,=1 ..5=1, | =0 and
9{769 .s'bX J'X c

~ as for a single incoherent layer made up of ¢ .
1-TI,,I,X2x?

<(T”b)colllixlcoll> = (];’/’)incoh/incoh =

cas s

Graphic demonstration of T T T for an artificial case

incoh/incoh®  * col/incoh®  * coh/coh
! T T T T T T T T T
o /Icoh;"coh the perfectly-resolved case |
o5 | 1 / [onineon the real case _
|
| i g . . -y ey oy
b N L T conineon the lltchl'tul(,
J / expressions
osfdl ; i
Tt I
it i
!
054 'j (
[ i
I!I H ib
ity
03 ﬁ N b M U L U U_
02~ —
01 1 1 1 I ! 1 ] 1 !

500 1000 1500 2000 2500 3000 3500 4000 4500 5000



Try to understand the error between coh/incoh and incob/incoh layers using coh/coh layers.

AIM : First, calculate the full fringe structure for a coherent film on a coherent substrate, then check if :

? ?
<<]’co,,ko|] >> =<,7'coh,incoh>= 7 cobvincoh - Reverting to transmission complex amplitude :
4 as LsbPs ;
t,, = ———— for a general film on side « of a coherent substrate,

!
1-7 sa ’5s6P s

2
L, L., Voo ¥ 1,0 .
where (see p33): /', = L(p‘z, and ', = L ledPe  for 5 coherent film on side a.
1- YealesP e I- YescdPe
LaclesshP Py

Wl = which is symmetric in s and ¢. Could have started with s and ¢ inversed.

. g2 2.2
I-7 caesPe = 25! 56Ps ~ TeasbP e Py

If we wish to average only over fringes of a thick substrate, first write :
/ Lacles LspP Ps
i

. ’ t, 0./ @ .
5= . 5 . for a thick film, write: 7, = acleslsbP P
(1 - ’27/’:::s"pc) - (’3‘6‘ + ra/(pc)’.'r/)(p,s' (‘ =

L2 o2y 2]
Ps | e T 5p Py eadP e

Continue to average only over fringes of a thick substrate (but exactly same for a thick film). Take transmittance :
6,0 t:s'H.v/;X ('X ¥

ac

7,

coh/coh = 2

2
‘l “tealesPe

. .2 2 r )(2 M-,y 24,. 20,.
Ve ¥ P sh e T Lo P ||lse  HedPe || Fsn

X, cos(2q)_,. + (5)

AX,

. ' ( ) where C? = 48D as for the square of any expression
B+ DX, - Ccos|2¢, +90...

which is in the form

which averages over the substrate fringes to give :
( b) - AX S Hllt'eé‘.i‘gd'[)X L‘X 5
a.
coh/coh B—DXAZ. ‘] )

=(7 )
2 ( @b | cohlincoh

2
L2 2
|5t/ 2 I-‘.S‘/JX.S'

2
tea’esPe catc

i.e. averaging the coh/coh transmittance over one set of fringes gives the coh/incoh result.

Do we have the right to average over @, without simultaneously averaging over ¢, ?

The best thing, to calculate (T

ie. find ((7,

(4

”)incohﬁncoh would be to average simultaneously over ¢, and ¢, (since both are o« v)

>> and compare with expressions for (T(, ,)‘ ey
coh/coh incoh/incoh

IF the directly - obtained expression for incoherent/incoherent transmittance is wrong, does this mean

that the Harbecke method for ADJACENT incoherent substrates is wrong? Why?

Is it because reflections at an interface can never be truly interference- free? Then the energy transmitted

in presence of interference really will be different from the incoherent/incoherent case, and so the averages also!

(We cannot justify that the transmittance is different when the layers are incoherent compared with just low resolution!)

It looks as if we cannot use (T as a short - cut calculation for interference - free transmittance!

a b) incol/incoh

..unless the approximation s tolerably good for that particular situation.



Compare results for (incoh/incoh), (coh/incoh). (coh/coh) and (geom. mean)
see Teohcohn

An extreme case: 1.6 —— : :
( ) 1.4 NGm=2.916;
(7)o ) = 08451 Ky =0.01;
“2 ] incol/incoh dmm=15um;
= = = =18;
«T"b )coh/coh > <( Tt ) colvincoh > <( T”b ) geom.mean > 0.8197 ]r(]substrate—o.
substrate™ > »

0 . , ) = .
3% error only in incoh/incoh for extreme case 06 dgubstrae=200um;

1000 2000 3000 4000

A 'normal' case: 1.05
= = : = — nﬁln]=3.35; )
«T ”"’)incoh/incoh> =1.0042 lc;mngaussmn;
=1.17pm;
film ’
_ _ _ 0.95 ] ;
«T”b )coh/coh> - <(T”l’ )colv'inc0h> B <(T”/’ )geom.mean> 1.0044 Ngypstrate=2-42;
k =0;
negligible error for usual case of a-Si:H on Si (similar » 0.9 1 substrate™ ) )
glig ! ( ) dsubslmte=200um’
0.85

1000 2000 3000 4000

NB Only <(incol/incoh)> is different, whereas
<(coh/incoh)>, <(coh/coh)> and <(geom.mean)> all give the same result

RAPID DEMONSTRATION OF INCOHERENCE & COHERENCE

Suppose that a set of electric field complex amplitudes £, = 4,e/7” are superposed at a point in space.
The total amplitude is 4= £,
7

The total time - averaged intensity /= <,_4,_4*> = <(E§”)(E £;)> = (E|§,,’2) + <( > 1_5’,,1_5';,)>
7 n n

m=m

= (%,4,2]) + <( 3 4”4216/(‘7’//“7’/”)» = (% /1,2,) + <( D 4,,4:, cos(<p,, —cp,,,))> = (% /1,2,) +( D 4,,4;,cos(<p,, - (p,,,))

n=m > m mn>m

s = (2 A,z,) INCOHERENT INTENSITY if phases are random, because cos((p,, —(p,,,) =0; or
n

/= (z A,Z,) + ( S 4, 4,c08(9, -, )) for COHERENT INTENSITY where the phase relations are fixed.
n

mnm

EXAMPLE: Suppose A=3S£,=7+RIe’? + R*7672/% + .+ R Tz + ...
n

INCOHERENT : The phases ¢ are random, so

/= §72RZ”=—72 :
7=0 1—1?2’

COHERENT : The phases @ are constant, so

*

R R

#=0 =0 1= 7P)\1-R7) 1+ R - 2Rcosgp




Incoherent / incoherent paradox solution...?

Thermal photon coherence length is order of cm (Longhurst p160), therefore
transmittance and reflectance are always coherent for sub-mm substrates and films!

Therefore, coh/incoh and incoh/incoh are false supposition:
the "incoherence" is an artefact of observation (poor resolution).

The observation should be represented by averaging over reality which is coh/coh,
and NOT by supposing single or adjacent films with no phase relation!

Remember: we want the film medium absorbance =« .,

By definition, the measured film absorbance 4,,.,c = - ln(Tmm) = In(]’cohﬁncoh [ Top )

But the required true film absorbance = o ,4,..

Using the coherent/incoherent expression :
AX cff Tier
B+ DX? -CX,
A,8,C, D using the previous definitions, and 7}, = H,L‘.H_‘.,,X.,./(I - If,.,,I“_‘.,,X.,Z.) = 0.5387 for transparent silicon.

A =—In

meas

} where X(.=exp(—a(.(/(.) as always,

Al Tt
B+ DX -CX

Note that 4., = a,.Z,! In principle, area under the peak is not the true film absorbance.

Ameas = ac'dc - In

} ... still exact, using a7, =-InX,.

¢

If we use the incoh/incoh expression for the film absorbance A, = - ln(Tmm) = In(]’mcoh sincon / Zret )
AX | Ty Al Ty

Aens = = In| —20L | — g g — In|—rL |
B-D'X? B-D'X?

Note that A4, = a.Z,! The area under the peak is never the true film absorbance.



Coherent film Incoherent film

True absorbance  Estimated absorbance,

True absorbance MEASURED absorbance \ GU/ESSED baseline
012t ' ' I 1 012t ' |
0.1 ﬂ ] | 0.1}
) “ 0.08 1
0.06 1 0.06
0.04} g 1 0.041
0.02 0.02¢
1
0 - \ iy “[ 0 \l *
-0.02—— - - -0.02 - -
1000 2000 3000 4000 1000 2p00 3000 4000
) 0.12 ' ' ' ] 0.12} )
subtract this error | ol | subtract this error
to get the true 0.08 0.08 to get the true
absorbance 0.06 0.06 absorbance
0.04} 0.041
0.02} 002}
-0.02

1000 2000 3000 4000 1000 2000 3000 4000

I

| |
0\/\/\/\/ I -0.0Z_%‘ ]

I

A practical example of a-Si:H film on aclean Si wafer

Green: measured absorbance = -In(Tmeasured/Tsubstrate)

o1r

Blue: fitted curve for coherent expression using Matlab
FITTING PROCEDURE :

i) Fit N=3.35 for the correct fringe amplitude

ii) Fit film thickness d=1.17 um for correct fringe period
(phase seems to be automatically OK)

/ﬂb\ iii) Choose peak position, width and height to fit peak (PTO)

Y
ooz2| "

006

004F

| Red: The true value of the fitted absorbance;
1!)’!10 1.‘;00 ZOIOQ 25‘00 3600 35:00 40‘00 4500 area = 2[sqrt( pl) 'Sl gma'hel ght I

oos} ] This is the correct baseline from the model fit.

Note that it is incorrect to interpolate the "transparent"
region oscillation because the baseline itself is affected
by the absorbance of the film!

_ /\//\/P\//\ If the baseline is interpolated, the 'bump' is the

overestimated error in the absorbance.
Predict overestimate by 13% due to baseline effect alone.

. : L L L L 1
1000 1500 2000 2500 3000 3500 4000 4500



CONCLUSION: Directly estimated absorbance is incorrect
BUT: Ratio of absorbances is OK . so porosizy is valid.

y = inexp{- (M0-mZ2) (M0-m2y..
. ] Value Esror
mi 0.11387] 0.6001D152
[ m— in(T(wa(erreﬂl121000))| mnz 2002 0.081433
m3 54,41 0.078436
m4 | 0050825} 0.000308¢1
aSiH on Si wafer 121000 mé 46,724 0.31811
012 |—'_—'= L T | T m7 5616307 1.2788e-05
ab. =0 Q053469 0.0024163

o1 | - //\

nos -

Black: measured absorbance = -In(Tmeasured/Tsubstrate)

Red: directly fitted Gaussian curves (on a sloping baseline)
Peak positions: 2002 and 2080 1/cm
Sigma: 544 and 46.7 I/cm

008 | : i il

0.04 | 1

o Heights: 0.114 and 0.051;
002 | \'\ - Ratio = 2.24 used for porosity estimation
o g N
-0,02 . = - ==
1850 1900 1950 2000 2050 2100 2150

wavenumber [1/cm]

Green: measured absorbance = -In{Imeasured/Tsubstrate)

Blue: fitted curve for coherent expression:

Peak positions: 2002 and 2080 1/cm

Sigma: 544 and 46.7 l/cm

True' heights: (0.1089 and 0.0505; smaller (by 5%) than the direct fit.

% (Note: measurement distortion artificially reduced the error this time)
v 1 Ratio =224 which is correct for porosity estimation.

Red: The true value of the fitted absorbance;

e R total area = Z[sqrt(pi).sigma.height|
How to mterprct recent measurements?
015 y /{‘\_ Blue curve: previous fit to absorbance for a-Si:H on Si wafer
o1f |'1. ’ \1
oosk ,’ . 1 Green curve: measured aborbance for a-Si:H on 51:C on Si wafer
S (4 ) Note that the fringe amplitude is much larger, because the
Of o} "“\“,-{/’-NT { . . . e .. ©
vos \ 7] refractive indices are not so similar?
/
ot v ) . . . . )
. / | This requires a full matrix treatment...? But thin SiC layer should
not have such a strong effect?
dopitlg effect Maybe a problem with strongly-absorbing doped wafer reference?

: s . L
1000 2000 3000 4000 5000 8000 7000



For a single a-Si:H layer, it is difficult to understand wansmission fringes < | and absorbance fringes > 1,
because we don't expect a-Si:H to be more dense than Si wafer (unless SiO, and SiC layers influence?)

OK NOT OK??
nﬁ“.n = 3.35 < nSi = 342 nﬁlm = 3.49 > nSi = 3.42
1 05 Transmittance - Transmittance
' fringes > | ; peaks < | ' fringes and peaks < |
1 _/\ . - 1 V
0.95} 0.95
0.9 0.9
0.85 . 0.85 .
1000 2000 3000 4000 1000 2000 3000 4000
015 Absorbance 015 Absorbance
' fringes < 1 ; peaks > | | fringes &) peaks> |
0.1} 0.1
0.05 0.05}
0 “ 0 N
NI YN .
1000 2000 3000 4000 | 1000 2000 3000 4000

Estimation of hydrogen density from Si-H wag peak @ 630 cm"!
complicated by partial superposition with ¢-Si phonon mode @ 615 cm’!

aSiH.qda transmission
0.65 T T

1 LI
wafer C;my + Twaferref3
oe phonon mode [ Z_T121000
@ 615 1/cm
055 & N’\{ hats* Sy ! s .53 i ; 3
"_g 0.5 ! FrRnt \\E‘;I [I f,"_ H R S | _I
e L siH wag @ 630 1/em.
' |/ & wafer superposed
04 I*l .-’/ =
0.35 1 __.: 3 — 1 J
400 500 600 700 800 900 1000

wavenumber [1/cm)



Estimation of absorbance of Si-H wag peak @ 630 ¢cm!

measured wafer transmission

0.6 T = T T T T

| & . —
o5} \f X ]
0.4l * model of wafer transmission

1 1
800 900 1000

T T

measurement & model of transmission a-Si:H deposit on wafer

1 1 )
800 900 1000

T T “:[
\measuremem & model of transmission a-Si:H
deposit on wafer, normalised to the wafer
800 900 1000
L T '[

- measured absorbance = -In{a-Si:H vansmission normalised to wafer)

1 1 i I A

400 500 600 700 800 900 1000

true absorbance of SiH wag peak

H concentration = constant X (integrated absorbance of Si-H wag peak)

Was the Fredometer analvsis correct? Check:

3 exp( —2a_,.af,)

Lysloal glass
(R”/’)ref =\l G } ot 5 for a single thick substrate. a = : b
1=\~ sa’wb exp(_zasdy) D
: 2 2 2 (s=1)" :
For transparent glass index s : |7,| =|r, =|msl = (__T) = R. Forglass, s=1.5; R=4% (one side only).
s+
2 2 4 457 2 (1 . A’)zﬁ’ 2R .
L5 l’-w = = ;= (1 -/1’) (all transparent). .. (/(’”,,)ref =R+ = = 7.7% (both sides).
(145 (1+2) -2 (1+4)
—_— glass film
) , a S c|b
2
et 7 s=n, 7, — 1
Now |7yl — Lﬁc/}pz = Ry, say, where 7. = e _ =l = % ;@ =exp( Rdn,.| A)
]—I‘C‘J‘/'L./)q) AS'+ ”c. [('
2
(1-R) %, R+R,-2RR,
(Rp) . =R+ = LA
signal 1- A?Rg/. 1- Mg ;

... the analysis of Fredometer in Fringe7.m is correct because
1) glass 1s transparent, ii) reflectance is measured, & iii) absorbing film on the opposite side




Note that there are three principal configurations for
single, coherent, absorbing films on thick, incoherent, absorbing substrates:

[) TRANSMISSION. This has been treated above for the example of infrared measurements.

2) REFLECTION FROM THE SUBSTRATE SIDE. This is the case of the Fredometer described
on the previous page.

3) REFLECTION FROM THE FILM SIDE. Thus is the case of spectrophotometer reflectance
measurements directly onto the film (viz. G. Benvenuti): rapidly described below:

2
2 tutsatin| exp(-20,d .
(A’,,b) ¢ = |as| + s > ( ‘ r) for a single thick substrate. ——» ffilm|  glass
re
I- ’:m’rx'/)| exp(_za.s‘d_f) i < 2 b
But now there are FOUR coefficients which are changed by the absorbing film:
2 2
, Lap 1a® , Lyl 5@ . .
Tas P Vs =ty v 3% S =ty (and their simpler versions)
L~ 70t s® V=t r 5@~
Lot P Ll @ .
Ly =l y= ———”/L; by =y, = —L'? At least they all have the same denominator!
V=7pt 5@ V=1t 5

Note that if the substrate is thick and strongly absorbing, then exp(—2a sa{‘.) <<1 and
2

R ) --’r .
( @b | signal a

CONCLUSIONS

Found a fitting routine for analysis of absorbing coherent film on an absorbing incoherent substrate.
(use for porosity and H-content estimation)

Literature expressions for incoherent film on incoherent substrate are
invalid if the absorption peak is narrower than the fringe period.

There seems to be a basic physical error in assuming adjacent incoherent films-and-substrates...?
The Fredometer analysis is correct, for three separate reasons.

Infrared fringe measurements should show 7 >1 and negative absorbance. before analysis is feasible.
(take care to use same substrate reference).






