
8 Determination of Layer Thi
knesses of SingleLayers and Multilayers
The measurement of layer thi
kness is a basi
 problem, and 
an be solvedboth by x-ray re
e
tion and x-ray di�ra
tion (see [121℄ for a review). In bothmethods, the thi
kness of a thin layer 
an be determined from the angularpositions of the subsidiary maxima on the re
e
tion (or di�ra
tion) 
urves.In a re
e
tivity 
urve, these maxima are 
aused by the interferen
e ofthe waves re
e
ted from the upper and lower interfa
es of the layers. Thisphenomenon is equivalent to the interferen
e fringes that 
an be observedwith visible light, known as Pohls interferen
e pattern [128℄. The visibilityof this interferen
e e�e
t depends substantially on the re
e
tivities of bothboundaries, i.e., on the di�eren
es in the x-ray refra
tion indi
es above andbelow the boundaries and on the interfa
e roughnesses. In the x-ray region,the latter fa
tor is espe
ially important sin
e, as we show later, even a very�ne roughness on the nanometer s
ale gives rise to a 
onsiderable de
rease ininterfa
e re
e
tivity.The range of the layer thi
knesses that 
an be measured by x-ray re
e
-tometry depends on the intensity and divergen
e of the primary beam, on theangular resolution, and on the total angular range of the goniometer used, aswell as on the wavelength � (see Chap. 2).As we show later, in the 
ase of a single layer of the thi
kness T , thedistan
e between the adja
ent interferen
e maxima is given byÆ�i = G �2T ; (8.1)where G is a geometry fa
tor, whi
h is unity for x-ray re
e
tivity. Therefore,the primary-beam divergen
e and/or the angular resolution of the di�ra
-tometer determines the upper limit of the measurable thi
kness T . If, forinstan
e, the divergen
e of the primary beam is 0.01Æ and � = 0:15405 nm(CuK�1 line), the maximum measurable layer thi
kness is smaller than about0.43 �m. The lower limit for thi
kness analysis is given by the a

essible an-gular range, i.e., in fa
t, by the maximum in
iden
e angle �i that yields ameasurable re
e
tivity. Therefore, the minimum layer thi
kness whi
h 
an bedetermined, depends on how many de
ades of intensity are a

essible by theexperiment. For instan
e, the determination of a layer thi
kness of 1.5 nmrequires measurements up to �i = 3Æ at least.



144 8 Determination of Layer Thi
knesses of Single Layers and MultilayersThe subsidiary maxima on the di�ra
tion 
urve of a layered sample 
anbe explained as a result of interferen
e of the beam di�ra
ted by the layer (orlayers) with the beam di�ra
ted by the substrate. The distan
e of the adja-
ent maxima depends on the layer thi
kness a

ording to a formula similar toEq. (8.1), where the value of the geometri
al fa
tor G 
an di�er from unitydepending on the di�ra
tion asymmetry. The s
attering 
ontrast of the inter-feren
e maxima depends mainly on the di�eren
e between the polarizability
oeÆ
ients �h of the layer and the substrate and on the latti
e mismat
hbetween layer and substrate. For the latter 
ase the thi
kness determinationis not straightforward and requires 
omputer simulation.In this 
hapter we will des
ribe the possibilities for determining the layerthi
kness in single-layer and multilayer stru
tures by x-ray re
e
tometry anddi�ra
tion measurements. On the basis of the general theory formulated inSe
t. 6.5, we will demonstrate the dependen
e of the positions of the intensitymaxima on the re
e
tion (di�ra
tion) 
urves on the layer thi
knesses and wewill dis
uss the in
uen
e of the inhomogeneities of the layer thi
kness onthese 
urves.8.1 X-Ray Re
e
tion by Single LayersFrom general dynami
al formulae (6.14), (6.39) we 
an derive the followingexpression for the re
e
tivity of a single layer deposited on a semi-in�nitesubstrate:R = ���� r1 + r2e�2ik0zT1 + r1r2e�2ik0zT ����2 ; (8.2)where r1;2 are the Fresnel re
e
tivity 
oeÆ
ients of the free surfa
e and thesubstrate interfa
e, respe
tively, k0z is the verti
al 
omponent of the waveve
tor of the beam transmitted through the layer, and T is the layer thi
k-ness. From this formula it follows that in an angle-dispersive experiment theintensity maxima appear whenever exp(�2ik0zT ) = 1, this means at anglepositions �im. This 
ondition 
an be expressed by2Tqsin2 �im � sin2 �
 = m�; (8.3)where m is an integer, sin�
 =p2(1� n) and �
 is the 
riti
al angle of totalexternal re
e
tion of the layer and n is the layer refra
tive index. Eq. (8.3) isanalogous to the Bragg equation but modi�ed by the in
uen
e of refra
tion.The appearing thi
kness fringes are 
alled Kiessig fringes, in honor of theirdis
overer [193℄.Sin
e, in most 
ases, the in
iden
e angle �i is suÆ
iently small, Eq. (8.3)has the following approximative form:�2im � �2
 = m2� �2T �2 : (8.4)



8.1 X-Ray Re
e
tion by Single Layers 145This relation shows a simple method to determine the layer thi
knessfrom the measured re
e
tivity 
urve. One plots the squares of the angularpositions of the intensity maxima versus the squares of the Kiessig fringeorder. In the range of validity of Eq. (8.4) it gives a straight line with thelayer thi
kness T as parameter. From the interse
tion point of this straightline with the ordinate one obtains the 
riti
al angle �
 of the layer material,and, 
onsequently its refra
tive index.
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Fig. 8.1. X-ray re
e
tivity 
urve of BN 
oated onto sili
on substrate re
orded asa fun
tion of the dete
tor angle 2�i. �
1 is the 
riti
al angle of the layer; �
2 thatof the substrate. The numbers denote the fringe order m. The inset shows the plot�2i versus m2, whi
h gives a layer thi
kness of T = 95� 1 nm.Figure 8.1 shows a re
e
tivity 
urve of a BN layer deposited on a sili
onsubstrate. It was measured by means of a powder x-ray di�ra
tometer intro-du
ed in Chapter 2.4 using � = 0:154 nm. The re
e
ted intensity is re
ordedover six orders of magnitude. This 
orresponds to 2�i � 6:0Æ.For intensity reasons and to improve the angular resolution, the low an-gle region between 0 < 2�i < 2�
 was measured with the highest angularresolution possible, what is determined by a step width of Æ�i = 0:001Æ anda width of the in
ident beam of 0.05 mm. A 
ounting time of 2 se
onds perangular step was suÆ
ient for good 
ounting statisti
s. For larger �i the slitwidth and the 
ounting time were in
reased to 0.5 mm and 30 to 60 se
onds,respe
tively. As is visible in Fig. 8.1 the intensity in
reases slightly for �i < �
and drops very rapidly if �i ex
eeds �
. The �rst dependen
e is governed bythe illumination 
orre
tion (see later).



146 8 Determination of Layer Thi
knesses of Single Layers and MultilayersBeyond �
 the re
e
ted intensity is proportional to ��4i as follows fromthe kinemati
al formula (5.17). This drop is modulated by the interferen
eof the x-ray beam re
e
ted at the upper and lower boundaries of the layer.Furthermore, there are two di�erent frequen
ies of os
illations. The high fre-quen
y is a measure of the thi
kness of the sputtered BN layer, and the lowfrequen
y is that of the native SiO2 
overing the sili
on substrate. The layerthi
kness T of the BN is obtained from the angular distan
e between theos
illation maxima a

ording to (8.4). This is demonstrated in the inset ofFig. 8.1 using the third to eleventh Kiessig maximum of the re
e
tion 
urve.Its graphi
al evaluation gives T = 95 � 1 nm. The extrapolation to m = 0gives �2
1 � 10�5, whi
h represents a rough estimate of the average ele
trondensity of the layer. �
2 
orresponds to the density of the sili
on substrate(see below). Extra
ted from the long-range beating of the re
e
tivity 
urve,the thi
kness of the SiO2 layer amounts to 3:4� 0:4 nm. Note that this layerbe
omes visible only if the re
e
tivity 
urve has been re
orded over morethan �ve orders of magnitude.Expressed in re
ipro
al spa
e, Eq. (8.3) looks mu
h simpler:T = 2��QzT : (8.5)That means T 
an be measured from a di�eren
e of the s
attering ve
torsinside the 
rystal (i.e., 
orre
ted for refra
tion).The a

ura
y of the thi
kness determination depends on the smallest an-gular step Æ�i of the goniometer and on the layer thi
kness T . Negle
tingrefra
tion the a

ura
y 
an be estimated from�TT = ��i�i � �immax : (8.6)This a

ura
y is of the order of 1% if the os
illation maximum measured at�i = 1Æ is determined with an a

ura
y better than ��i = 0:01Æ. Eq. (8.6)
an be expressed also in terms of the largest fringe ordermmax that is dete
tedin the re
e
tivity 
urve with an a

ura
y of one-half of a fringe period. Inthe example shown in Fig. 8.1 one �nds mmax = 45 at 2�i � 5:0Æ. In this
ase the layer thi
kness t is determined with a relative error of �TT � 2%.The a

ura
y of the layer thi
kness 
an be preserved as long as a suÆ
ientnumber of fringe maxima appear within the dete
table angular interval, i.e.,if T is suÆ
ient large. Owing to the ��4i dependen
e, the re
e
tivity of thesili
on substrate de
reases to R = 2� 10�4 at 2�i = 2Æ and to R = 5� 10�5at 2�i = 3:0Æ. Considering the low 
ounting statisti
s at large angles, thethi
kness 
annot be estimated with an a

ura
y better than 1% in pra
ti
al
ases. A dynami
al range of up to ten orders of magnitude is required in orderto dete
t one single fringe period 
orresponding to the thi
kness of a singleatomi
 layer (T � 0:3 nm). Su
h dynami
al range 
annot be realized under
ommon laboratory 
onditions, it requires syn
hrotron radiation . Nowadays,a dynami
 range of seven to eight orders of magnitude is available usingmodern home laboratory equipment (see Se
t. 2.1).



8.1 X-Ray Re
e
tion by Single Layers 147However, using a low-power x-ray sour
e, a rough estimate of the layerthi
kness of a very thin layer 
an be determined exploiting the small-anglepart of the re
e
tivity 
urve, in parti
ular the angular position of the �rstos
illation minimum [382℄.The ele
tron density of the material 
an be determined by measuring the
riti
al angle of total external re
e
tion �
. From theory (see Chap. 6) onewould expe
t the re
e
ting intensity to remain 
onstant between 0 < �i < �
.That is not the 
ase in experiments: as seen in Fig. 8.1, the intensity in
reaseswithin this angular range. For a given beam width, bbeam, and a very small�i, the proje
tion of the in
oming beam onto the sample surfa
e, Abeam,
an ex
eed the sample size, Asample (see Fig. 8.2) . Under this 
ondition there
orded intensity depends on the ratio bsample=bbeam and has to be 
orre
tedby I = Imeas � sin(�i) for AsampleAbeam < 1andI = Imeas for AsampleAbeam � 1 : (8.7)The parti
ular angle �i, where Asample=Abeam = 1, depends on the samplesize and the slit width bbeam de�ning the beam in front of the sample. Bothparameters have to be de�ned for ea
h sample under investigation. A 
orre
t
ia a

i

x-ray beam

A beam

bbeam

A sample

bsample

Fig. 8.2. Illumination of a terminated sample area while s
anning the re
e
tivityat very small �i.determination of �
 is not straightforward. As long as absorption is negligibleand the sample is in�nitely large, �
 is that value of �i where the re
e
tingintensity I
 is de
reased to 50% 
ompared of the maximum intensity Imax = 1.In this 
ase Imax 
orresponds to the in
ident beam intensity I0 measured at�i = 0. For �nite-sized samples and highly absorbing materials Imax is alwayssmaller than unity and �
 appears at an intensity smaller than 50% (see Eq.



148 8 Determination of Layer Thi
knesses of Single Layers and Multilayers(8.7)). This problem be
omes signi�
ant if the ele
tron density of the layeris lower than that of the substrate and if the layer is thin. Then two 
riti
alangles may appear: one belongs to the layer and a se
ond one, at slightlylarger �i, 
orresponds to the substrate. This has already been illustrated inFig. 8.1.Generally the average ele
tron density %el 
an be determined using therelation�
 = p��0; (8.8)whi
h results in%el = ��2
�2rel : (8.9)Instead of %el the mass density %m is often of interest. These two densitiesare 
onne
ted by%m = %elANAZ ; (8.10)where rel is the ele
tron radius de�ned in Se
t. 5.1, Z is the atomi
 number, Ais the mass number and NA is the Avogadro 
onstant. Figure 8.3 shows three
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e
tion, re
orded for three di�erentorgani
 �lms made of from fatty a
id salt mole
ules 
oated onto a sili
on support bymeans of the Langmuir-Blodgett te
hnique. As 
an be seen here, the 
riti
al angleof �lm de
reases as the number of layers in
reases due to the in
reased number ofstru
tural defe
ts within the �lm.re
e
tivity 
urves of organi
 �lms made of di�erent numbers of monolayers
oated onto a 
rystalline sili
on support. Besides the 
riti
al angle of sili
on



8.1 X-Ray Re
e
tion by Single Layers 149at 0.22Æ, there is a se
ond �
 whi
h belongs to the organi
 �lm. This smaller
riti
al angle de
reases with an in
rease in the number of monolayers, dueto the in
reasing number of defe
ts within the layer. For the 20{monolayersample, for example, �
 = 0:18Æ 
orresponds to an ele
tron density of %el =4:6� 1023 
m�3, i.e., a mass density of %m = 1:54 g
m�3. The density valuesof the sili
on substrate are 6.99�1023 
m�3 and 2.32 g
m�3, respe
tively. Adensity determination by eye is not possible if the layer density is 
lose to thatof the substrate or if the layer is very thin. The latter reason is evident in thebottom 
urve of Fig. 8.3. Here, the layer density 
an only be extra
ted using
omputer simulation. In that parti
ular example, the de
reasing density ofthe layer is 
aused by the in
omplete layer 
overage on the substrate whi
hde
reases with the number of transferred layers [353℄.For an approximate determination of %el, we re
ommend measuring there
e
tivity 
urve in the angle range 0 � �i � 1:5 � �
 using the smallestpossible step width of the goniometer Æ�i and �nd �
 at the angle positionwhere I(�i) = Imax=2. Using Æ�i � 0:001Æ, the a

ura
y of the densitydetermination may be estimated as�%=% = 2Æ�i�
 � 0:01 ; (8.11)whi
h is suÆ
iently pre
ise for many te
hnologi
al appli
ations. This pro
e-dure works well if the rotational axis of the sample 
ir
le is aligned exa
tlyat the sample surfa
e (see Se
t. 2.1).
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annot be explained assuming a single-layer model.



150 8 Determination of Layer Thi
knesses of Single Layers and MultilayersThe following examples will illustrate some problems one may en
ounterwhile studying extremely thin layers. Figure 8.4 shows the re
e
tivity 
urveof a thin antimony layer grown epitaxially on GaAs (110) . This 
urve wasre
orded using a re
e
tometer with low angular resolution. It demonstratesthe limit of layer thi
kness estimation made by eye. The ele
tron densityof antimony is about 15% larger than that of GaAs. Therefore the 
riti
alangle of the layer is larger than that of the substrate and it is not visible.At larger angles a single fringe minimum and maximum are visible above theba
kground, the shape of the os
illation is asymmetri
. A 
omplete �t of there
e
tivity 
urve whi
h 
onsiders the experimental resolution fun
tion givesTSb = (4:0� 0:5) nm, an interfa
e roughness of � = 0:5 nm and a refra
tionindex n � 1 � Æ with ÆSb = 1:65 10�5. The interfa
e roughness was treateda

ording to Se
t. 11.3. Additionally one has to 
onsider a se
ond layer withslightly redu
ed density (Æ = 1:05 10�5) on the top of the antimony. Itsthi
kness is about T = (2:8� 0:5) nm, and it 
orresponds to mi
ro
rystallineaggregates 
aused by the transition of the two-dimensional into the three-dimensional growing mode during preparation.
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e
tivity 
urves of a sili
on surfa
e measuredwith the use of a home re
e
tometer similar to that shown in Fig. 2.1. The enhan
eddynami
al range of the experiment enables us to determine a thin top layer of nativeoxide. The thi
kness of the native oxide is 1 nm with a surfa
e roughness of about0.35 nm. The �t is possible only 
onsidering a gradual in
rease of the ele
trondensity from oxide to the pure sili
on.



8.1 X-Ray Re
e
tion by Single Layers 151This exa
t data evaluation is in 
ontrast to a rough estimate by eye.Here one 
an suppose a single-layer model. Using the fringe minimum at�i = 0:76Æ, one get a thi
kness of T = (9 � 1) nm, whi
h is larger thanthe sum of both layers determined above. Naturally this model does notreprodu
e the observed fringe asymmetry [144℄.The lower limit for the determination of a thin surfa
e layer 
an be es-timated measuring the native oxide of a sili
on wafer. Figure 8.5 shows there
e
tivity 
urve of a 
lean sili
on surfa
e measured with a home re
e
tometersimilar to Fig. 2.1 using � = 0:154 nm. The experimental 
urve is quite simi-lar to that one whi
h 
an be measured with syn
hrotron radiation [167, 356℄.Only the large dynami
al range of about eight orders of magnitude makesit possible to identify the native oxide. The measured angular position of �

orresponds to the sili
on mass density of %m = 2:32 g/
m3. At higher �i theintensity de
rease is modulated due to the existen
e of a very thin surfa
elayer. At the angular position of the destru
tive interferen
e the re
e
tingintensity is about 10�7. Under 
ir
umstan
es of a limited dynami
al rangethe re
e
tion 
urve would probably have been misinterpreted by a 
lean sur-fa
e only. Here one 
learly 
an identify the existen
e of the native oxide. Theminimum at 2�i � 4:8Æ 
orresponds to a thi
kness of Ttop = 1:0 nm. Thefull �t of the re
e
tivity 
urve supplies additional parameters, i.e., the massdensity of the top layer(%m = 1:7 g/
m3) and the interfa
e roughnesses ofthe SiO2 surfa
e and the SiO2-Si interfa
e, whi
h are �Si = 0:15 nm and�SiO2 = 0:35 nm, respe
tively. Furthermore the �t requires 
onsideration ofa gradual 
hange of the density from the top layer down to the pure sili-
on. This re
e
ts the property of SiO2 to prote
t the sili
on against furtheroxidation.After the substrate has been 
hara
terized, the layers on top of it 
an beinvestigated. This 
an be a thin organi
 �lm, as shown in Fig. 8.6. The layer
onsists of lipids(l-1,2-dipalmitoylphosphatidi
 a
id { DPPA) atta
hed topolyele
trolyte mole
ules (poly-diallyldimethylammonium 
hloride { PDAD-MAC). Both have been transferred onto a sili
on substrate by means of theLangmuir-Blodgett te
hnique. The main problem here is the low density dif-feren
e between the mole
ular sub-units. Both lipids and polyele
trolytes
onsist of 
arbon and hydrogen atoms. The only di�eren
e is the mole
ulararrangement whi
h is laterally ordered in the 
ase of the lipids but ratherrandom for the polyele
trolyte mole
ules. The re
e
tivity 
urve has to bere
orded over eight orders of magnitude to yield suÆ
ient stru
ture infor-mation (Fig. 8.6). As shown in the inset, the data evaluation does not resultin a unique ele
tron density distribution. Assuming either a two-layer or afour-layer model, one 
annot de
ide whether the polyele
trolytes built thesub-layer with larger or smaller thi
kness 
ompared to the lipid layers [271℄.This ambiguity is a 
onsequen
e of the phase problem of 
rystallography.Similar information 
an be obtained using the energy-dispersive set-up(see Se
t. 2.1). Instead of the angular 
oordinate the intensity varies as a



152 8 Determination of Layer Thi
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Fig. 8.6. X-ray re
e
tivity 
urve of a lipid monolayer atta
hed to a polyele
trolytemole
ule. Both are 
overed onto sili
on support. Although the �t to the experi-mental 
urve is perfe
t there is an ambiguity with respe
t to the 
orre
t ele
trondensity distribution. This problem 
annot be solved without additional stru
turalinformation. The inset displays the �tted verti
al density pro�le, (a) two box model,(b) four box model.fun
tion of energy at �xed �i. Figure 8.7 shows re
e
tivity spe
tra takenfrom a lipid monolayer of DPPA spread onto a water surfa
e. The experi-ment has been performed onto a Langmuir through installed at the sampleposition shown in Fig. 2.3 at an energy-dispersive beamline. The in
omingbeam is re
e
ted �rst at two super-mirrors (see Fig. 1.12) using an in
identangle of �i = 0:25Æ in ea
h 
ase. This provides an in
iden
e angle of 2Æwith respe
t to the water surfa
e. The re
e
tivity spe
tra mainly re
e
t there
e
tivity of the super-mirror, whi
h gives an almost uniform intensity upto about 16 keV, multiplied with the in
ident spe
trum of the storage ring.There is a distin
t di�eren
e in re
e
tivity between the spe
tra taken fromthe pure water surfa
e and from the �lm on water. After division of the �lmspe
trum by the water spe
trum one 
an 
learly identify one maximum andone minimum between 4 � E � 13 keV. Both 
hange as a fun
tion of theapplied lateral surfa
e pressure �. The thi
kness of T = 3:2 nm at � = 40and 29 mN/m 
orresponds to a phase where the mole
ules stand upright withrespe
t to the water surfa
e. At � = 11 mN/m, the minimum and maximumshift toward higher energies. The respe
tive thi
kness of T = 2:9 nm 
orre-sponds to a phase of tilted mole
ules. Ea
h spe
trum was re
orded for 300se
onds. This time is suÆ
ient to observe in-situ phase transitions of variousamphiphili
 mole
ules on the water surfa
e as a fun
tion the applied pressure.
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e
tion by Periodi
al Multilayers 153
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e
tivity spe
tra taken from a lipid monolayer ontothe water surfa
e. The experiment is performed on a Langmuir trough when alateral pressure � 
an be applied to the mole
ules spread onto the water surfa
e.The re
e
tivity spe
trum (see inset) mainly 
orresponds to that of the super-mirrorshown in Fig. 1.12. The main �gure displays the normalized spe
tra taken at threedi�erent values of lateral pressure. The �rst minimum and se
ond maximum of themonolayer re
e
tivity is visible. Their positions at � = 40 and 29 mN/m 
orrespondto a phase where the mole
ules stand upright with respe
t to the surfa
e; � = 11mN/m re
e
ts a phase of tilted mole
ules.8.2 X-Ray Re
e
tion by Periodi
al MultilayersUp to now, we have dealt with systems 
ontaining one or two layers. Wehave demonstrated that the parameters of the system 
onsisting of a singlelayer on a substrate 
an be estimated from the measured re
e
tivity 
urveby eye. A simple analysis of the experimental re
e
tivity 
urve is possible ifthe sample 
onsists of a periodi
al sta
k of layers (a periodi
al multilayer).The x-ray re
e
tivity of a periodi
al multilayer 
an be 
al
ulated usingthe kinemati
al theory, or, more exa
tly, using Eq. 6.37 in the dynami
altheory presented in Chap. 6. In many 
ases, the single-re
e
tion approa
h(SRA) is quite suÆ
ient. In this approa
h we negle
t multiple re
e
tionsfrom di�erent interfa
es within the multilayer, and for the re
e
tivities ofthe interfa
es we use the exa
t dynami
al expressions (Fresnel 
oeÆ
ients {see Eq. (6.14)). In the following, we analyze the SRA formula in order todis
uss some 
hara
teristi
 features of the re
e
tivity 
urve of a periodi
almultilayer.



154 8 Determination of Layer Thi
knesses of Single Layers and MultilayersLet us assume a multilayer being 
reated by N periods, ea
h 
onsistingof a layer A with a thi
kness TA and the refra
tion index nA = 1 � ÆA andthe layer B (TB ; nB = 1 � ÆB); the multilayer period is D = TA + TB . Wedenote the appropriate phase fa
tors of layers A and B by�S = e�ikSz TS ; S = A;B;where kSz is the z-
omponent of the wave ve
tor of the transmitted wave inthe layer of type S. For the Fresnel re
e
tion 
oeÆ
ients of the A{B and B{Ainterfa
es, the relationrBA = �rABholds, i.e., the amplitude of the re
e
tion originating from the interfa
e A{B is opposite that of the interfa
e B{A. Using the matrix expression (6.37)and negle
ting all the terms 
ontaining the se
ond and higher powers of theFresnel re
e
tivities, the re
e
tivity of the periodi
al multilayer isR = ��r0A + rAB ��2A � �2A�2B + �2A�2B�2A � � � �� � �+ (�2A�2B)N�1�2A�+ rBS(�2A�2B)N ��2 ; (8.12)where r0A and rBS are the Fresnel re
e
tion 
oeÆ
ients of the free samplesurfa
e (interfa
e between the va
uum and layer A) and the substrate sur-fa
e (interfa
e between layer B and the substrate). The sum (in the squarebra
kets) 
an be evaluated, and we obtainR = ���r0A + rAB�2A�2B(�2A�1)(�2A�2B)N�1+�2B�1(�A�B)2�1 ++rBS(�2A�2B)N ��2 : (8.13)Using the SRA it is straightforward to derive parameters whi
h 
hara
terizethe multilayer stru
ture. Several of these parameters 
an simply be extra
tedfrom the experimental re
e
tion 
urves and 
an be used as an input for the�tting of the experimental re
e
tion 
urves by means of full dynami
al theorya

ording to Eq. (6.37).First, let us 
onsider the se
ond term on the right-hand side of formula(8.13). A maximum of this term o

urs if(�A�B)2 = 1;i.e., forkAz TA + kBz TB = �m;where m is an arbitrary integer. Now we introdu
e the averaged z-
omponentof the wave ve
tor:hkzi = kAz TA + kBz TBD ;
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e
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al Multilayers 155making an angle h�ti with the internal surfa
e normal. The 
ondition for are
e
tivity maximum is2Dhni sinh�ti = m�; (8.14)where hni is the average refra
tive index of the multilayer or, using the angleof in
iden
e,2Dqsin2 �i � sin2h�
i = m�: (8.15)This formula is equivalent to Eq. (8.3) for a single layer; but in (8.15) the
riti
al angle of total external re
e
tion h�
i depends on the refra
tion indexaveraged over the multilayer period.As in the 
ase of a single layer, the modi�ed Bragg law 
an be simpli�edif the angles are suÆ
iently small:�2im � h�
i2 = m2� �2D�2 : (8.16)Formulas (8.14) and (8.15) represent the modi�ed Bragg law; and, 
onse-quently, opti
al re
e
tion from a periodi
al multilayer 
an be interpreted asa di�ra
tion from a one-dimensional 
rystal. The Bragg equation (8.15) is
orre
ted by the refra
tion of x-rays in an averaged medium that repla
esthe a
tual multilayer stru
ture. The re
e
tivity maxima 
an be 
onsideredas satellite maxima 
lose to the re
ipro
al latti
e point 000.If one negle
ts the refra
tion, the distan
e of the satellite maxima 
an beapproximated to�� � �2D;whi
h similar to (8.1).The intensity of the satellite maxima are in
uen
ed by the thi
knessesTA and TB of the layers in the period. The envelope 
urve of these maximais des
ribed by the stru
ture fa
tor of the one-dimensional 
rystal, i.e., themultilayer period that, in the 
ase of re
e
tion, has the formFperiod(G) = Z 0�D dz�0(z)e�iGz = iG (�0B � �0A) �e�iGTA � 1� ; (8.17)where G = 2�mD is the value of Qz in the m-th satellite. Like the di�ra
tion
ase already explained in Chapter 5, the m-th satellite peak vanishes, if thelayer thi
knesses TA;B obey the following relation:m = p�TATB + 1� ; (8.18)where p is an integer. For instan
e, every fourth satellite maximum vanishesif TA=TB = 3.



156 8 Determination of Layer Thi
knesses of Single Layers and MultilayersNow, let us investigate the �rst and the third terms in Eq. (8.13). Theseterms provide a maximum of the re
e
tivity if (�A�B)2 = 1; i.e., a maximumo

urs for the angles h�ti given by the relation2NDhni sinh�ti = p�; (8.19)where p is an integer. Negle
ting refra
tion, the angular spa
ing betweenthese maxima,�� � �2ND;is inversely proportional to the total thi
kness T = ND of the multilayersta
k. The nature of these maxima (Kiessig fringes) is obvious. They are
aused by the interferen
e of the waves re
e
ted at the free surfa
e and atthe substrate interfa
e. Simple 
onsideration shows that N�2 Kiessig fringeso

ur between two neighboring satellite maxima. Often the Kiessig fringes arenot visible due to lateral sample inhomogeneities.
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Fig. 8.8. Re
e
tion 
urve of a SiGe/Si multilayer 
overed by 210-�A-thi
k 
ap layer,CuK� radiation. The satellite maxima are denoted by verti
al arrows, the maximastemming form the 
apping layer are denoted by verti
al dotted lines. In the inset,the Kiessig fringes 
orresponding to the total thi
kness of the multilayer are denotedby arrows.As an example, we show the measured re
e
tion 
urve of a SiGe/Si mul-tilayer (Fig. 8.8) 
overed by a Si 
apping layer with thi
kness TC . On theexperimental 
urve, three types of maxima 
an be resolved:
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e
tion by Periodi
al Multilayers 1571. Satellite maxima (indi
ated by verti
al arrows in the main part of Fig. 8.8,whose angular spa
ing depends on the multilayer thi
kness D a

ordingto (8.15).2. Kiessig fringes (indi
ated by the verti
al arrows in the inset). Their perioddepends on the total multilayer thi
kness T = ND + TC a

ording to(8.19).3. Maxima indi
ated by verti
ally dotted lines 
orrespond to the thi
knessTC of the 
apping layer.Knowing the positions of the maxima of these types, we 
an estimate the
orresponding thi
knesses using the modi�ed Bragg law in Eqs. (8.15) and(8.19).Similar to the treatment shown in Fig. 8.1, we have plotted the square ofthe angular positions of the respe
tive maxima versus the m2 and obtainedthe thi
knesses D = (20:5 � 0:3) nm, T = ND + TC = (232 � 5) nm, andTC = (21� 2) nm.These values 
an serve as starting estimates for the numeri
al �tting ofthe whole measured 
urve using the dynami
al theory presented in Se
t.6.4. The result of the �t pro
edure also is shown in Fig. 8.8. In order toobtain a good 
orresponden
e between the measured and 
al
ulated 
urves,we had to assume an oxide layer on top of the multilayer sta
k (having thethi
kness Tox). From the �t we obtained the thi
knesses of the individuallayers as well as the average root mean square roughness � of their interfa
es.The �tting pro
edure was almost insensitive to the Ge 
on
entration x inthe SiGe layers. The �t yielded the following values: Tox = (3 � 1) nm,TC = (21�0:5) nm, D = (20:6�0:2) nm, TA=TB = 7:0�0:2, x = 0:35�0:15,and � = (0:7� 0:1) nm. The interfa
e roughnesses were 
onsidered using theformalism presented in Se
t. 11.2.We 
an see that the estimates of the layer thi
knesses from the positions ofthe re
e
tivity maxima nearly 
oin
ide with the more reliable values obtainedby the numeri
al �t to the whole 
urve. The thi
kness of the additional oxidelayer, however, 
ould be estimated with an relative error of only about 30%,be
ause no respe
tive intensity maxima 
ould be identi�ed within the angularrange of the measurement.Figure 8.9 displays the re
e
tivity 
urve of a vanadium/mi
a multi-layer sputtered onto a sapphire substrate measured at a wavelength of� = 0:139 nm. Due to the huge di�eren
e of the ele
tron densities be-tween both 
onstituents the re
e
tivity at the �rst-order Bragg peak is 
loseto unity. Thus the multilayer 
an be used as broad band mono
hromatorfor syn
hrotron radiation use. The a

epted band pass depends on the peakwidth, i.e., the number of 
oated double layers. In the present 
ase thereare 40 periods, whi
h 
an be veri�ed by the 38 Kiessig os
illations measuredbetween two neighboring Bragg peaks (see inset of Fig. 8.9). The multilayerperiod amounts to 3.5 nm. The re
e
tivity 
urve 
ould be re
orded over nineorders of magnitude. The 7th-order Bragg peak appears at �i � 9Æ. Using
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e
tivity 
urve of a V/Al2O3 multilayer �lm 
oated on mi
a. Theexperiment has been performed at � = 0:139 nm using syn
hrotron radiation. There
e
tivity 
ould be re
orded over nine orders of magnitude. The inset shows theangular range between the 1st- and 2nd-order Bragg peak [247℄.Eq. (8.6) this 
orresponds to a relative error of about 2%. The thi
knesses ofthe vanadium and mi
a layers have been determined by 
urve simulation andamount to 1.61 nm and 1.87 nm, respe
tively. The interfa
e roughnesses weredetermined to be 0.24 nm and 0.18 nm. The substrate roughness amounts to0.17 nm.The following example shows a typi
al re
e
tivity 
urve of an organi
�lm. It 
onsists of 28 
admium{behenate monolayers transferred onto sili
onsupport by means of the Langmuir{Blodgett te
hnique. The beheni
 a
idmole
ules are amphiphili
 in nature. They 
onsist of a hydrophili
 COO�head and a (CH2)nCH3 tail. One Cd2+ ion is atta
hed to two mole
ular headgroups. This is the reason that a single period of the multilayer always 
onsistsof two monolayers of upright standing mole
ules where the head groups are
oupled via the Cd2+ ion. Figure 8.10 shows the respe
tive re
e
tivity 
urvemeasured by a powder di�ra
tometer and CuK� radiation. There are twotypes of periodi
 maxima: the main satellites measure the period thi
kness.Due to the large resonant di�use s
attering (see Chap. 11) whi
h appears inaddition to the 
oherent s
attering, these small-angle Bragg peaks are visibleover a large angular range. In the present 
ase they appear up to the 14th-order. The multilayer period 
ould be determined as D = 6:020� 0:006 nm.The inset of the �gure shows the evaluated ele
tron density pro�le. The pe
-ularity of the multilayer 
onsists in the large density di�eren
e between the
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a i [deg]Fig. 8.10. Re
e
tion 
urve of a 29-monolayer Cd-behenate �lm deposited on sil-i
on support, measured with CuK� radiation. There are two distinguished seriesof satellite maxima: the main satellite maxima, measuring the multilayer spa
-ing whi
h 
onsists of two monolayers with opposite mole
ular orientation, and theKiessig fringes, measuring the total thi
kness of the �lm. Note the large di�eren
ein intensity of Kiessig peak maxima left and right with respe
t to the �rst satel-lite maximum whi
h is 
reated by the odd number of monolayers within the �lm.Curve simulation reveals that there is a 
u
tuation in the density of the individualsublayers.
hains and the head groups. The head groups are about 0.2 nm thi
k, butthey have a density whi
h is twi
e as large as that of the sili
on substrate. Onthe other hand, the hydro
arboni
 
hains have a density of less than one-halfof that of the sili
on.Kiessig maxima are 
learly visible between the main satellites. Their num-ber is N = 12; i.e., the total thi
kness should 
orrespond to 14 double layers.The evaluation of the angular spa
ing between the Kiessig maxima results ina thi
kness of T = 90:15� 0:35 nm whi
h 
orresponds to 15 double layers.This dis
repan
y has two 
auses. Due to the hydrophili
 nature of the sili-
on surfa
e the mole
ules of the �rst monolayer are deposited with the headstraight down to the substrate. Therefore, this layer is not a part of a doublelayer and the �lm 
onsists of 29 monolayers. This non-
entrosymmetry be-
omes visible as the strong asymmetry in the Kiessig intensities on left andright with respe
t to the �rst main satellite [283℄. A se
ond reason for thelarger total thi
kness is the mole
ular pile-up e�e
t; a few mole
ules leave themole
ular layers and jump on top of the �lm, 
reating islands. Be
ause thispro
ess is already asso
iated with a very small a
tivation energy at room



160 8 Determination of Layer Thi
knesses of Single Layers and Multilayerstemperature, a suÆ
ient number of mole
ules alter their verti
al positionswithin the multilayer �lm, in
reasing the total �lm thi
kness as a fun
tion oftime [108℄.Finally one 
an determine the average density of the organi
 �lm. As inFig. 8.3, the 
riti
al angle of the �lms is smaller than that of the sili
onsubstrate. From h�
;�lmi = 0:175Æ, one obtains an average density of %m =1.5 g
m�3. Note there are Kiessig maxima in the angular range between the
riti
al angles of �lm and substrate. This e�e
t is similar to that alreadyshown in Fig. 8.3. Figure 8.11 shows a similar organi
 multilayer, a 
admium
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Energy / keVFig. 8.11. Energy-dispersive re
e
tion 
urves of a 
admium-behenate multilayer�lm measured at di�erent in
iden
e angles. The 
ounting time per spe
trum was120 se
onds ea
h. The number of Bragg peaks in
reases with in
reasing �i. Due tothe limited dete
tor resolution the Kiessig fringes disappear at large �i.behenate multilayer �lm 
overing a sili
on substrate. Here, the experimenthas been performed at the energy-dispersive beamline at BESSY II. As intro-du
ed in Se
. 3.2, the a

essible range of the re
e
tivity 
urve depends on thein
iden
e angle. For �i = 0:5Æ, the range between the �rst and se
ond-orderBragg peak is probed. Several Kiessig fringes and the se
ond-order Braggpeak are visible. The �rst-order Bragg peak is attenuated due to the largeabsorber thi
kness used to prote
t the dete
tor. More Bragg peaks be
omevisible, in
reasing the in
iden
e angle. Eight Bragg peaks appear for �i = 4Æ,but no Kiessig fringes. This is due to the fa
t that the peak width now isdetermined by the limited dete
tor resolution. Due to the di�erent absorber
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knesses used, the onset of the re
e
tivity di�ers between the spe
tra mea-sured at di�erent �i.The layer thi
kness and total thi
kness 
an be determined from the peakdistan
e at the energy s
ale. In energy-dispersive re
e
tometry the Kiessigpeak maxima and Bragg peaks appear at di�erent energies, 
hanging �i dueto the relation qzE. Rewriting Eq. (8.3) in terms of energy, the energy spa
ing�E between two neighboring intensity maxima de
reases for in
reasing �i.The layer thi
kness T follows fromÆE = h
2T sin�i � 6:2T�i ; (8.20)where h and 
 are the Plan
k 
onstant and the velo
ity of light, respe
tively.Refra
tion is negle
ted in Eq. (8.20) and sin� � �. The a

ura
y of thethi
kness determination depends on the energy resolution of the dete
tor�E:�TT = �EE : (8.21)For a germanium or Si:Li dete
tor �E is about 180 eV. This results in arelative a

ura
y of �TT � 1% for peaks measured at E = 10 keV. The upperlimit for evaluating a layer thi
kness depends on the minimum separationwhi
h 
an be resolved between two peaks. Assuming �E = 0:5 keV and�i = 0:25Æ, the limit amounts to about 300 nm. The limited energy band passof the experiment determines the lower limit of the thi
kness determination.Using �i;max = 4Æ and a band pass of about 15 keV, the lower limit is onthe order of 1 nm. This limit has been determined by measuring the thermalexpansion 
oeÆ
ient of polymer �lms with thi
knesses of about 100 nm [48℄.The evaluation of spe
tra shown in Fig. 8.11 gives a multilayer period ofDLB = 5:65� 0:05 nm and a total thi
kness of Ttot = 56 nm, whi
h veri�espreparation 
onditions. The 
omparison of the various spe
tra manifests thevalidity of Eq. (8.20). As seen, the number of the Bragg peaks is doubled,in
reasing �i by a fa
tor of two.In 
omparison with the angle-dispersive set-up, the a

ura
y of the abso-lute thi
kness determination is lower. Nevertheless ea
h spe
trum shown inFig. 8.11 was 
olle
ted in 120 se
onds whi
h is a small fra
tion of the timene
essary for re
ording the analogous angle-dispersive 
urves.8.3 Coplanar X-Ray Di�ra
tion by Single LayersX-ray re
e
tion is sensitive to the gradient of the ele
tron density normal tothe air-sample interfa
e; that means the layer thi
kness 
an be determinedindependent of 
rystal perfe
tion. In 
ontrast to this, 
oplanar x-ray di�ra
-tion measures the latti
e spa
ing of the layer as well, presuming 
rystallineperfe
tion. Therefore, it is advantageous to 
ombine re
e
tion and di�ra
tionmeasurements in order to obtain 
omplete information on the investigated


