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Abstract - A new method of imaging spectroscopic complete optical characterization of the films noriform

photometry enabling us to perform the complete capti
characterization of thin films exhibiting area nomiformity
in optical parameters is presented. An original ging
spectroscopic photometer operating in the reflectmde at

in thickness and optical constants with a suffitignecision.
Imaging spectroscopic reflectometry (ISR) repressoch a
new approach. Within this technique we developatkw
method allowing us to perform the complete optical

normal incidence is used to apply this method. ADCC characterization of non-uniform absorbing thin Slnsing

camera serves as a detector in this photometerefine the
spectral dependences of the
characterized are simultaneously measured in samadis of
the films surface corresponding to the individuadefs of
the CCD camera. These areas form a matrix along
relatively large part of the films surface. The cpa
reflectance measured by the individual pixels & @CD
camera is treated separately using the formulaetter
reflectance corresponding to the uniform thin filnising
these formulae it is possible to determine the emlof the
local thickness and local optical constants forrgvamall
area of the matrix. In this way it is possible tetatmine
distributions (maps) of the local thickness andalaaptical
constants of the non-uniform films simultaneously
principle. The method described was used to chariaet
carbon-nitride thin films exhibiting only the thickss non-
uniformity deposited by the method of dielectricrrizx
discharge onto the silicon single crystal substtate

Keywords: non-uniform thin films, imaging
spectroscopic reflectometry

1. INTRODUCTION

In practice you can often encounter thin films &xititig
non-uniformity along their area. For example, tHiims

reflectance of the sfilmthickness distribution along

this ISR method it is possible to determine theaare
these non-uniform §lm
together with the area distribution of the spectral
dependences of their optical constants if a suétabl
@dispersion model of these optical constants isctsde In
principle, an important advantage of ISR consistsai
possibility of using the formulae correspondinguttiform
thin films in treatment of experimental data. THBR
method is applied using an imaging spectroscopic
photometer containing a CCD camera as a detectar. W
developed an original imaging spectroscopic photeme
(ISP) that can be employed in both reflection and
transmission modes [1]. This ISP is a two channel

i instrument operating iex-situ mode in contrast to a one

channel ISP operatingin-situ mode utilized for
technological purposes [2].
In this paper ISR is applied to non-uniform carkmitnide

films.
2. EXPERIMENTAL

2.1. Sample preparation

The non-uniform carbon-nitride films were depositsd
dielectric barrier discharge with GHl, gas mixture onto
silicon single crystal wafers at the pressure ie thgion
from 300 mbar to 400 mbar. Details of preparingdhgoon-

prepared using various plasma-chemical methodsn oftenitride films are described in paper [3]. Note ttra carbon-

exhibit area non-uniformity in optical parameter®. in
optical constants or thickness. There are severasans
causing an origin of the area non-uniformity of ttien
films created by these plasma-chemical methodis. Very
difficult to perform a correct optical charactetipa of

these films by means of the standard optical metho
in practice (e.g. photometric an

employed mostly
ellipsometric methods). In many cases of the naferm
thin films the standard photometric and ellipsomsetr
method are not even usable. Therefore it is nepegssa
develop new optical methods enabling us to perfoine

ISBN 978-963-88410-0-® 2009IMEKO

nitride films prepared in this way exhibited amaooph
structure.

2.2. Experimental set up
A schematic diagram of the ISP employed is presente

ﬂn Fig. 1.
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time t, and wavelength1, /7{,;”(/1) is so called apparatus

function for the measuring channel of the experitalen
setup corresponding to thék,u)™ pixel (it includes the

influence of the quartz wedge-shaped beam-splitB34,
CcCcDh BS2, the spherical imaging mirror IM and parametdrthe

CCD camera),R(‘,"“(/l) is the local absolute reflectance of
the reference sample corresponding (lkau)™ pixel. In

BS2
practice one can select the reference samples asich
XeLS PC silicon single-crystal wafer for which it holds tha
RE(1)=R,(A). Signals Ski(t,,A) create the image of the
E 1 reference sample for wavelengthat timet, .

At the same time; and the same wavelengtis the signal
SRR(tl,/\) is recorded by the integrating photodetector PD in

“_ ______»__ the reference channel.
AM T SRR(tli/])z lO(tl'/])”R(/])’ (2)

v BS1

where /7R(/1) is the apparatus function for the reference
channel of the experimental setup. It includesitifieience

. H shift of the beam-splitter BS1 and parameters of the
P %’7 photodetector PD. The signalSi(t,, 1) and Suq(t,A)

: SS RS occurring in (1) and (2) are measured at sufficramhber of

' HNL the wavelengths from the spectral region of interes

2) The sample measured SS is situated into theiquosi
of the measuring channel. Then the steps of the
measurements described above are repeated with this
sample. Of course, these measuring steps mustrfemped

Fig. 1 Schematic diagram of the ISR experimentaisev-
monochromator, XeLS - Xenon light source, O - ottifithe
monochromator, BS1, BS2 -beam-splitters, IM - imagimgor,

CCD - CCD camera, PC - computer, H - holder of sam@iSs, in the same wavelengths as for the reference satmpthis
studied sample, RS - reference sample, PD - phatoet HNL - ~ Way we obtain the following equations for the signa
helium-neon laser, AM - auxiliary mirror. detected by the individual pixels of the CCD camera
S‘;;g‘(tz,/l) and integrating photodetectcBRS(tz,/l) at time

The detector in the sample channel of the ISPGC®

camera and so the spectral reflectance of smalkawa the G-

non-uniform thin film corresponding to all the indiual K.u _ K.u K.u

pixels of this camera is measured. Thus, the suectr Suis (tz’/])_ lO(tZ’/])”M (/]) R (/]) ®)
reflectance is measured in the small areas forraimgatrix SRS(tZY/])z |o(t2’/]),7R(/]) (4)

on this film. These areas are sufficiently smatl démerefore
the reflectance measured for them is given by thewk
formulae for uniform thin films. A sample holder is
constructed in such a way that the normal reflextaof the
films is megsured in_the individual pixels of theCQ Sa’g(tzy/]) create the image of the studied sample for
camera within the region of 320 — 810 nm. The cetscr wavelength/ at timet, .

procedure for measuring the reflectanB&" corresponding

where Rk'“(/l) is the local absolute reflectance of the
studied sample corresponding to tteu) " pixel. Signals

to the individual elements of the matrixg. corresponding 3) The values of ratioPy“(t,4) corresponding to
to the individual pixels, is as follows (for detibee our situating the reference sample into measuring oklaah
earlier paper [1]): time t, are determined in the following way:
1) The reference sample RS is situated into the positi
of the measuring channel. The sigr&js(t,,A) recorded by ku i (t,4) - mst(A)
. R\l P (tl,/])Z = RO(/]) (5)
the (k,u) th pixel of the CCDcamera at timet; and SRR(tl"‘) ’7R(/1)

wavelength/ is given in the following way: Similarly we obtain an analogous ratiBs‘f’“(tz,/]) of the

Kt A) = 1o, A) ke (A) R4 (), (1) signals for the situation when the studied samplplaced

into the measuring channel at tihe
where indices (k,u) belong to the (k,u)"™ pixel

. . k,u k,u
(k =_l...A,_u =1...B), where AB are |ntegerslo(t1,/l) is Psf‘“(tz,ﬂ): s(tzv/‘) - PR‘"“(tl,A) R (/‘) _ (6)
the intensity of the output beam of the monochremat Srsltz, A Ro(/]j
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In conclusion we find:

Ps[('u(tzi/])

RkYU(/]) i PRk‘”(tM)

Ry(4). Y]
Using the arrangement described, it is possiblgetermine
the spectral dependence of the local relative ctftece

R““(1)

R(A)

of the CCD camera owing to the reference sampleesine

ratios PX!(t,,A) and P& (t,,A) are determined by means of

of the studied sample corresponding to each pixel

reflectance corresponding to the individual pixelsthe
CCD chip.

The least-squares method (LSM) was used to treat th
experimental data using (8). Of course, the LSM twmabe
applied for each local area on the film correspogdb the
given pixels of the CDD camera. Within the LSM, the

following merit function S““ was employed:

SRR

S Rsk u
s=1 o-s ,

(13)

k, k,
this arrangement quantitatively. Because the absoluwhere R(“ and/or R“"denotes the theoretical and/or
reflectance RO( ) of the reference sample is known, it isexperimental value of the local reflectance coroesiing to

possible to determine the local absolute reflectaofthe
sample measured corresponding to all the pixels too

3. DATA PROCESSING

The reflectanceR*" is given as follows:

Rk,u — |f.‘k,u (8)
where
SO A A exp(b”(k’“) ©)
1+ F Y exp(i§<k “) ’
_Aku
=T (10)
N, +n-
Aku _
=D "0 (11)
n+n
Sk,u - % ~ k,u dlk,u (12)

In the foregoing equations (8) — (12), symbals, 1,

A, d" and A denote the refractive index of the

ambient, complex refractive index of the substrabeal
complex refractive index of the film, local thiclsgof the
film and wavelength of incident light, respectivelMote
that the ambient environment consists of air aretettore
n, =1. The complex refractive index of the substrate/and

film is expressed asn=n,-ik, and/or A, =n, —ik,

the (k,u)" pixel and wavelengthl,. Symbol o and/or

K represents the standard deviation Rf*" and/or the

number of the measurements of the reflectanee,the
number of wavelengths, for which the reflectances wa
measured in the individual pixels.

The dispersion model of the optical constants efdarbon-
nitride thin films based on parameterization of flot
density of states (JDOS) was employed withiine
processing of the experimental data. The JDOS finath

for example, in [4-6]. The detailed description tife
parameterized joint density of states (PJDOS) masel
presented in paper [7]. Within the PJDOS model the
imaginary part of dielectric functiorg; (E) is expressed

using the following formula:

JE)_ 1

N
= ?;Jjﬂj*(E),

R (E) denote photon energy, number

&(E)= (14)

where E, N and Jjﬂ

of transitions and non-normalized JDOS correspandin

j — | transition, respectively. Quantitij%j*(E) is
defined as follows [4-7]:
2
J. ,(E):(e—hjz— . (E), (15)
=1 m/) 4re,B, 1!

where e, h, m, & and B, represent electron charge,

Planck’s constant, electron mass, dielectric fonctof
vacuum and certain part of Brillouin zone of copmsding

2
crystalline material, respectively. Symb%b ‘ denotes

Symbols n; and k; are the real refractive index and {a squared momentum-matrix element. Symﬁbl ( )

extinction coefficient of the substrate, respedtiveand

symbols n, and k, denote the refractive index and represents the JDOS function belonging tp- j°

extinction coefficient of the film, respectively. h&
foregoing mathematical expressions for the loctiéctance

R*" belonging to the individual pixels of the CCD came
correspond to the reflectance of the absorbing fiim
deposited onto an absorbing substrate. Strictlaldpg, the

optical model of the isotropic homogeneous absogrbinThe following parametenzatlonoj

substrate covered with isotropic homogeneous abwprb

transition. The explicit expression diﬂj%jk(E) is given in
[7]. Symbol J(E) in (14) expresses a sum of the above
introduced I (E) corresponding to all the transitions in

material forming the thin film.
L (E) was employed:

thin film was thus employed for expressing the loca
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3, E)o(E-E, JE-E, S (16) & (B)=¢ .(E)-is, .(E). (28)

j- -1

where E;; and E,; denote the minimum energy limit (band Refractive indexnl(E) and extinction coefficienkl(E) are
connected with the real pars, (E) and imaginary part

gap) and maximum energy limit of the transitign- j
& (E) of the dielectric function by means of the followi

respectively. _

Note that the following equation is fulfilled [7]: equations:
T £ (E)=n?(E)-k’(E 29
J‘Jjajk(E)dE:sz (17) (E)=n(E)-Kk2(E) (29)
0 and

where Q; is the quantity proportional to the concentration & (E): 2nl(E)k1(E). (30)

of j electrons in material. By using (29) and (30) it is possible to calculdite spectral

From the foregoing the following equation was detiv dependences of refractive inder,(4) and extinction
coefficient kl(/l) of the thin films under study because
(E):30Q12(E‘Egj)2(E‘Ehj)2

e i (E,, -E,,JE? forg, <E<E, (18) =h—EC, wherec is the light velocity in vacuum.
and From the foregoing it is obvious that using the L$hé&
£ _k(E):O for E.outof E <E<E,. (19) values of the local thicknes$“" and material parameters,
L= 9]

i.e. parameters E;;, E,; and Q; occurring in the

Using the Kramers-Kronig relation [7], contributionf  gispersion model used, must be determined for émcl
j - | transition to the real part of dielectric function area. Using these material parameters one canlat@dhe
true spectral dependences of the refractive inded a
extinction coefficient of the carbon-nitride filnvgithin the
local areas corresponding to the pixels of the Gaera.
_ D] (20) Thi_s means that distributionsf (ma_ps) Qf the thiglsnand
' optical constants are determined in this way. Tpecsal
dependences of the optical constants of the silgiogle
where crystal substrates were taken from the literat8k gnd
fixed within the LSM employed.

£ . (E) could be analytically expressed as

ri-]

(E)=K[Blnﬂ
E+E

gj

E-E,
+ClIn !
E_

ri-j’

gij

_ 60Qf _Y(E)+ X(E) 01
““Hde e F % & 0 @Y 4. RESULTSAND DISCUSSION
= Y(E)- X(E) - It was found out that the best fit of the experitaédata
T oz (22) belonging to individual pixels was achieved for the
dispersion model corresponding to two transitions o
2 2 2 _p2 electrons,i. e. for N =2 (see (14) and (26)). The results
2E |E, | 3lE -EZ = -
D= = InIE | > (23) presented in this paper represent the typical tesil the
g

optical characterization of the non-uniform carbimide
. , , . films studied using ISR. These results were acliduoe the
X(E)ZZE[EM(EQJ +E )+ EQJ(Ehj +E )] (24)  film prepared using ratio CH N, = 1 : 10. In Fig. 2 the
image of this carbon-nitride film obtained by theCl@
and camera is presented for the wavelength of 440 nm.
Y(E)=E?(E2 +E?, +4E, E, +E?)+EZE2, . (25)
Then the complete complex dielectric function ofe th
material of the carbon-nitride thin films is gives follows

[7]:

N
éE)=1+>2 .(E), (26)
j=1
where
£[E)=¢(E)-i&(E) (27)
and Fig.2: Image of the film investigated for the waarggth of 440 nm.
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In Fig. 3 the local thickness distribution of tharloon- Correctness of the results obtained within the capti
nitride film selected is presented. characterization performed is supported by gooeéement
between the experimental and theoretical data. fetusis

illustrated for the pixel selected in Fig. 5. Ndteat the

theoretical data were calculated using (8) on #&shof the
values of the parameters found using the LSM.

The reflectance valueR*" were measured with the
0.40 ym relative accuracy about 1 %. Using a standard amatysis,
we found out that the values of the local thickeess the
area distributions were determined with a relaticeuracy
of 1-2 %. The same conclusion concerning the acgureas
found out for optical constants. Note that the [siea
presented above corresponds to the statisticaispac

0.80 ym

y: 5.2 mm

Fig.3: The 3D distribution of the local thicknedgtee carbon-

nitride film selected 04+
This distribution corresponds to the CCD cameragena
presented in Fig. 2. This figure shows that tha fiixhibited 0.3+
relatively strong thickness non-uniformity. For tHigm
selected it was found out that the values of theers s

parameters of the dispersion model were practicall o 024
identical for all the local areas belonging to indual
pixels. Thus the non-uniform carbon-nitride filmleszed

exhibited the area uniformity in the material paggens. The 0,14

values of these material parameters were foundlasvs:

En= (242+ 0.03) eV, E;,= (11.34+ 0.08) eV, E, = 350 400 450 500 550 600 650 700 750 800
(44.81+ 0.06) eV, E,,= (12.1% 0.6) eV, Q, = (32.9+ 0.7) % [nm]

eV?? Q,= (66.6+ 0.9) e\P? , .

. L . . . Fig. 5 Spectral reflectance of the carbon-nitridder study
This means that this film was also uniform in thgtical corresponding to a selected pixel: points denatesttperimental
constants along the area of the film. The spectral values and the curve represents the theoretical dat
dependences of the refractive indeg(/l) and extinction

coefficient k,(4) of the film are plotted in Fig. 4. From this In conclusion of this section it should be pointed that the
figure it is clear that the carbon-nitride film &bsorbing transition characterized by material parametggs= 11.34

film for shorter wavelength of 500 nm. For longereV, E,,= 12.1 eV andQ,= 66.6 e\*? obviously does not

wavelengths this film is non-absorbing. Note tha same represent a real transition. This statement is Ipain

spectral dependences qf f[he o.ptlcal constants fm_argj out jjustrated by the great value dt_,. We therefore mean
for the other carbon-nitride films. These remainifilgs e
also exhibited the strong thickness non-uniformitythat the second transition jE2) compensates some

systematic error occurring in the experimental datte
0,020 mean that the influence of a certain non-lineasftthe CCD

camera or the influence of a light intensity backgrd can

cause this systematic error in the experimentah.dan
0,015 analysis of the systematic errors concerning the
experimental data obtained for the individual pixef the
CCD camera will be presented elsewhere. Howeves, th

1,48

1,46 -

0,010 . L.
< 144 = values of the material parameters of the seconukitian
indicate the systematic error considered cannamnpertant,
142 L 0,005 which is implied by the fact that the contributiarf
£, » (E) to s(E) is relatively small.
140 . ; . ; L 0,000 Of course, the first transition j(=1) represents the real
400 500 600 700 800 -
transition.
A [nm]
5 CONCLUSION
Fig.4: Spectral dependences of the refractive indend
extinction coefficientk; of the non-uniform carbon-nitride film In this paper a new method of the optical

selected characterization of the non-uniform absorbing tfiims
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based on imaging spectroscopic reflectometry (I8 MSM 0021630518 and MSM 0021622411 and the Ministry

presented. The original imaging spectroscopic pheter

of Industry and Trade of the Czech Republic undetracts

(ISP) operating in reflection mode was employed folFT-TA3/142 and FT-TA5/114. The authors thank to Kibh

obtaining the experimental data. The spectral degeces
of the normal reflectance corresponding to the viiddial
pixels of the CCD camera serving as the detectoheo1SP
were treated using the LSM. Within the LSM, a folanfor
the normal reflectance of the uniform absorbingy thim  [1]
placed onto the absorbing substrate was used. \Wé&ting

the experimental data, the dispersion model based o
parameterization of the joint density of electromiates 2]
(JDOS) corresponding to amorphous materials wad. use
was shown that in principle it is possible to detieile both 3]
the thickness and optical constants distributioné
simultaneously in an independent way. This factesgnts

an important advantage of this method. The methad w
applied to the optical characterization of the mmiform
carbon-nitride films deposited by the dielectricrim  [4]
discharge method onto the silicon single crystdlstates.
Using this method the local thickness distributiomere  [5]
determined for these films. Furthermore, it wasvahahat
the carbon-nitride films were uniform in opticalnstants.
The spectral dependences of the optical constanttsagea
distributions of the local thickness for the carbomide
film selected were presented. It was also presetm&idthe 7
local thickness values and spectral dependenceshef
optical constants of the carbon-nitride films were
determined with a relatively high accuracy. Frois fhaper [8]
it is clear that the method of the ISR describerk hg also
usable for the optical characterization of the pthen-
uniform absorbing thin films.

(6]
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