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ABSTRACT 

There is a growing necessity for experimental techniques able to obtain a good 

characterization for thin films. X-ray specular reflectometry, a non-destmctive technique 

able to give resolution in the order of some A, has been applied successfiilly for the study 

and characterization of layers and multilayers. A novel approach to the problem of 

obtaining thickness, roughness, and material composition using x-ray reflection is 

presented here. This novel approach permits practical improvements of the FFT methods 

used to find thickness. The use of the incoherent superposition of the x-rays reflected in 

different interfaces is presented as an altemative to the matrix formalism to fit the 

experimental incidence angle versus reflectivity curves. The more relevant dynamical 

eff'ects characteristic of the x-ray difiuse scattering are explained using a novel 

phenomenological interpretation of the DWBA. Finally, the new methods presented here 

are apphed to explore the possibility of using x-ray reflection for the study of the 

oxidation of thin Cu layers. 
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CHAPTER I 

INTRODUCTION 

1.1 Importance of thin films characterization 

The practical importance of thin multilayer stmctures cannot be overestimated. 

Modem VLSI semiconductor processing technology relies on the successive deposition 

of thin layers. The active region of most semiconductor lasers has a multi-quantum-well 

stmcture. The mirrors of vertical cavity surface lasers are built using ahemating quarter 

wavelength layers of two materials, and coating surfaces with a thin layer is common

place in the optics industry. Consequently, there is a growing necessity for experimental 

techniques capable of obtaining a good characterization of thin films. X-ray specular 

reflectometry, a non-destmctive technique able to give resolution on the order of a few A, 

has been applied successfully to the study and characterization of layers and multilayers 

For typical x-ray wavelengths, the real part of the refractive index is slightly 

smaller than one, which leads to the phenomenon of total external reflection. The x-rays 

are reflected strongly from the surface of either a crystalline or an amorphous material if 

the x-rays beam meets the surface at a glancing angle of a few miliradians, close to the 

critical angle. 

The reflection of x-rays at grazing incidence has frequenfly been used for 

stmcture studies of crystalline and amorphous layers and muUilayers. X-ray specular 

reflectometry is known to give direct information on film thickness, and mean surface 



and interfaces roughness, whereas x-ray difiuse scattering provides information about the 

lateral structure of surface and interfaces. 

1.2 X-ray reflectivity measurement 

An x-ray beam is diffracted when it travels through a thin film. The intensity of 

the diffracted beam in a particular direction is proportional to the amplitude squared of 

the one-dimensional structtare factor of the sample \Fg(k) |̂  [2]. The one-dimensional 

stmcture factor Fg (k) is proportional to the Fourier coeflBcient pf, of the electron 

density's Fourier series expansion (the subscript g refers to the direction determined by 

the reciprocal space vector g): 

p(r) = i:Pge-'^' (LI) 
g 

In the case of x-ray reflection g=0, thus the intensity of the reflected x-ray beam 

is related to the average electron density. Consequently, amorphous materials can reflect 

x-rays. This permits the study of thin films without crystalline stmcture using x-ray 

reflection, which is impossible to do by x-ray diffraction. However, the reflected x-ray 

beam does not carry information about the details of the possible crystalline stmcture of 

the material. 



At x-ray wavelengths, the refractive index of most material is slightly less than 

one [3]: 

n = \-d-p. (1.2) 

Typical values of 5 are 10"^ -10"^ and P is ten times smaller. Consequently, the 

x-rays are totally reflected for grazing incidence angles lower than the critical angle, 

9c ^ arccos(l-^). 

AH the x-ray reflection measurements presented in this work were made using a 

Philips X'Pert MRD (Materials Research Diffractometer) diffractometer. This 

difiractometer is equipped with a horizontal goniometer which has minimum co and 20 

step sizes of 0.0001° (0.32 arc seconds) with a reproducibility of+/- 0.0001° The 

reflectometer arrangement of this instmment is sketched in Figure 1.1. 
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Figure 1.1. Sketch of the Reflectometer. 



The x-ray source is a ceramic diffraction x-ray tube with Cu anode (line focus). 

The Cu-A:„line (X = 1.5406 A) was used. The primary optics includes a soller slit and a 

1/32° fixed slit limiting the divergence of the incident beam to 0.33°. The secondary 

optics includes a parallel plate collimator and a flat graphite monochromator crystal with 

a 0.1 mm slit. 

Figure 1.2 shows the measurement geometry. The measurements were made using 

the two most frequently used geometries in x-ray reflection studies: the so-called 20-co 

scans, and co scans. During a 20-CD scan, the sample and the detector are rotated 

simultaneously so that the angle between the incident x-ray beam and the reflected beam 

20 is changed 2 times faster than the angle between the incident beam and the sample's 

surface &. With this geometry, the curve of specular reflectivity versus incidence angle 

(co « 0) is measured. 

/dTi 
X-ray source Detector 

CD 

20 

Figure 1.2. Measurement geometry. 
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During an to scan only the sample is rotated, which permits the measurement of 

the difiuse scattering around a particular specular peak (fixed 20). In Chapter II, I will 

demonstrate how 20-(o scans can be used to obtain information about the sample's 

stmcture in the direction perpendicular to the film's surface, while the co scans can be 

used to characterize the sample surface and its interfaces. 

Except for a few cases specifically pointed out, I personally obtained all the 

experimental curves shown in this work. 



CHAPTER n 

X-RAY REFLECTIVITY THEORY 

2.1 Specular reflectivity 

2.1.1 Specular reflectivity from an interface 

When an x-ray beam of intensity I^ hits the interface between two mediums of 

refractive indexes n,op and nf)QttQf„, the beam is partially reflected. The intensity / of the 

reflected beam is given by the following formula: 

/ =I^Exp[-^^]\ rExp[-2kl,,pa^] \ \ (2.1) 
'^z,top ^ 

The Fresnel reflection coefiicient r gives the reflectivity ofa smooth interface 

[1,2] for a beam arriving at the interface with a grazing incidence angle ^,„ : 

_ ^top sin ̂ in- n bottom ^^" ̂ t r _ k^jop ' kz,bottom .^ ̂ . 

~ ntop sin Oj^ + n ̂ ^^^^^ sin 9 tr k^top + k^jjottom 

The grazing angle of the transmitted beam 9tr is related to the grazing incidence 

angle by Snell's law [4,5]: 



The first exponential factor in the formula (2.1) accounts for the absorption of 

x-rays with vacuum wavelength X traveling a distance d through the top medium with 

linear absorption coefficient \i before hitting the interface [6]. 

Real interfaces are rough. The second exponential factor in formula (2.1) accounts 

for diminishing reflectivity at a rough interface [5] with r.m.s roughness a. The normal 

to the interface component of the wave vector in the j medium, k^j, is given by the 

following formula: 

k, , = —njSmff, (2.4) 

Figure 2.1 shows the curve of the reflected intensity versus incidence angle 

corresponding to a unique interface. The curve was calculated using formula (2.1). 
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Figure 2.1. One interface specular reflection. 
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This curve is smooth and when the incidence angle is larger than the material's 

critical angle, it decreases quickly with the increment of the angle. At x-ray wavelengths, 

the refractive index of most materials is slightly less than one, thus the x-rays are totally 

reflected for grazing incidence angles lower than the critical angle 9c « arccosw ôz/om 

2.1.2 Specular reflectivity produced by a layer 

If a second interface is present, the total intensity of the x-ray reflected by the 

layer is the coherent superposition of the x-ray beams reflected by the two layer's 

interfaces. Fringes, characteristic of any interference phenomenon, are observed clearly 

in the curve of the reflected intensity versus incidence angle corresponding to a layered 

film when it is plotted in a logarithm scale, as shown in Figure 2.2. 
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Figure 2.2. Specular reflectivity produced by a 210 A AIN layer grown on Si. 



Often a matrix method is used to calculate the reflectivity produced by a layered 

film. The matrix method accoimts for the multiple reflections of the x-rays in the layered 

material, thus it provides a dynamic approach to x-ray reflectivity. 

By using the matrix method, the magnitude and initial phase of the electric field 

in the air are related with their values in the substrate through the transfer matrix [5]: 

U(+k,^„,z = 0) 

U(-k,^o,^ = 0) 
Mil ^ 
Mji M 

12 

22 J 

'U(+k,s,z=D,) 
U(-k,.,z = Ds) 

(2.5) 

In formula (2.5) the sign + refers to the electric field component traveling 

upwards, and the sign - refers to the electric field component traveling downwards 

through the corresponding mediums (z = 0 corresponds to the air-top layer interface and 

z=Dg corresponds to the bottom layer-substrate interface located at a depth Dg). 

U(+k,j,z=Dj) = 4 Exp{+ ik,j]. 

U(-k^j,z =Dj) = Aj Exp[-ik^j ]. 

(2.6) 

At and Aj are the amplitudes of the upward and downward traveling waves 

through the layer j (j = 0 corresponds to the air, j = s corresponds to the substrate). 

The reflection coefficient is defined as the ratio of the reflected electric field to 

the incident electric field at the surface of the material, while the transmission coefficient 

is defined as the ratio of the transmitted electric field to the incident electric field. These 



coefficients can be calculated easily if the transfer matrix is known using the following 

formulas: 

Mi2 r = —*^ 
M 

t = 
22 M 

(2.7) 
22 

If only two interfaces are present (only one layer grown on a substrate), the 

transfer matrix is the multiplication of three 2X2 matrixes: 

^ ^air-top ^layer Rbottom-subs • (2.8) 

The refraction matrixes R and the transmission matrix T are defined in the 

following way [5,7]: 

Rjj+l - — 
ti j\J+i 

''Jj+l 

v,y+i 
(2.9) 

^J = 
n 0 
0 / ; . 

r, ,+1 and ̂ » i+i are the corrected reflection and transmission Fresnel 

coefficients corresponding to the interface between the mediimis j and j + 1. They are 
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equal to the corresponding Fresnel coefficients multiplied by an exponential factor 

accounting for the efiects of the interface roughness [8]: 

''JJ+I =''jJ+lExp[-2k,j k^j^ioj^^ ] , (2.10) 

4;>1 =0,y+l^[(^z,j-f^z,j+lf(^f+i /2] . 

The transmission Fresnel coefficient is given by the following formula [1,2]: 

2«,sin6>. 2k^ , 

j'j^^ nj sm9j + nj^^sm 9j+i k,j + k.j^i 

Each term ft in the transmission matrix is the product of two factors [7]: 

f;=Exp[-^^dj] Exp[+ik,jdj]. (2.12) 

The first factor in formula (2.12) accounts for the absorption of the x-rays in 

layer j ; dj is the thickness of that layer and p.j is the linear absorption coefficient of the 

layer's material. The second factor is a phase factor, which determines the phase 

difference between the x-ray beams reflected in the interfaces j-I and j . 
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2.1.3 Specular reflectivity produced by layered medium 

In general, the total intensity of the x-ray reflected by the layered film is the 

coherent superposition of the x-ray beams reflected by every interface. The transfer 

matrix in the general case can be found by a simple matrix multiplication [5]: 

^ = ^air,\ T\ Ri2 ^2 -RN,substrate • (213) 

The formulas (2.7) withMgiven by formula (2.13) allow us to obtain the fijll 

dynamical (i.e., accounting for the multiple reflections of the x-rays in the interfaces ofa 

layered film) value of the reflection coefficient. Unfortunately, the full dynamic theory 

does not clearly show the physics of scattering because intensive numerical calculations 

are necessary. 

A kinematical approximation (i.e., neglecting the effects of multiple reflections) 

for the x-ray reflectivity can be found neglecting all the terms containing more than one 

single interface reflectivity factor after the matrix multiplication is done. In this case, the 

amplitude and phase of the reflected wave is given by the coherent superposition of the x-

rays reflected only once at each interface of the layered media: 

r = /-o,! + { 0̂,1 Exp[-—^di] } r 12 Exp[ i2k,i di ] + 
K, I /t. 

+ { ntk-l,k Exp[-^^dk] } r *jj+i Exp[i Z 2k,^k dk ] + - (2.14) 
k = \ '^z,k'^ k = l 
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A simpler expression can be obtained from formula (2.14) for incident angles 

which are sufficiently larger than the critical angle of the top layer, when all the 

transmission coefficients are close to unity. In particular, for very thin films the 

absorption can be neglected, and the follovraig expression results [5]: 

^ = ^0,1 + rli Exp[iq,i rfj ]+...+ /• *j^^ Expli I q^k dk 1 + - (2T5) 
k = l 

q^j = 2k2 J is the wave vector transfer in medium]; thus k^j can be replaced 

by <lz,j in each corrected Fresnel coefficient, q^j can be expressed as a fiinction of the 

vacuum wave vector transfer q^ = IK ̂  top = "ysin 9i„ and the critical angle of the 

medium], 9^^ , using the following equation [5]: 

^z .J=yl^z-^c,j , <lc,j = ^^^^^c,j • (2 16) 

The approximation represented by formulas (2.15) and (2.16) is quite good [5] 

and able to reproduce the details of the reflectivity versus incidence angle curve. A 

fiirther approximation consists of neglecting the refraction in the absorption and phase 

factors in formulas (2.14) or (2.15). The following expression results, assuming that 

^z,j * ^z inevery phase factor of formula (2.15): 
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r= T. rjj+iExpliq^Dj] (2.17) 
/=0 

This approximation still reproduces the characteristic interference fiinges of the 

intensity versus incidence angle curve corresponding to the x-ray's reflection in a layered 

medium. However, the calculated fringes using formula (2.17) are slightly shifted with 

respect to the experimental curve and the fit is worst just after the critical angle [5]. 

Nevertheless, formula (2.17) can be interpreted in a very usefial way. The 

corrected Fresnel coefficient can be considered as a continuous function depending on the 

depth of the interface D. Consequently, the reflection coefficient r is approximately equal 

to the Fourier transform of r (D), and the intensity of the reflected x-ray beam can be 

approximately calculated in the following way: 

I(q,)'^Io \FT[r\D)]\\ (2.18) 

If the same approximation q^j « qz is included in the calculation of r (D), the 

following formula can be obtained [5]: 

r\D)^^(qz)p'(D). (2.19) 
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p'(D)is the derivative of the electron density. It is null in between any two 

consecutive interfaces, and has a peak at each interface, ^(q^) is a smooth fimction of 

q^. From formulas (2.18) and (2.19), it follows that: 

^(9z) ^^FT[p'(D)]\'^. (2.20) 
lo'i'iqz) 

^iq^) is also a smooth function of q^. Formula (2.20) shows that the fiinges of 

the reflectivity versus q^ curve are determined by the amplitude of the Fourier transform 

of the electron density's derivative. Consequently, the Fourier transform of the fiinction 

-^ may have peaks at the depth values corresponding to every interface of the 
lo'i'(^z) 

layered medium. Formula (2.20) is the theoretical basis of the Fourier transform methods 

used to obtain layer thickness from the reflectivity versus incidence angle curves. 

2.2 Difiuse scattering 

2.2.1 Difflise scattering produced by the fihn's surface 

Theoretically, the difiiise scattered intensity produced by the air-sample interface 

can be calculated within the first-order Bom approximation, i.e., assuming that the 

intensity of the incident beam does not attenuate as a consequence of the scattering. This 

approach is good for incidence angles that are large compared v^th the critical angle [9]. 

In the case of small incidence angles, multiple-scattering effects cannot be neglected, and 

in consequence, the so-called distorted-wave Bom approximation (DWBA) is often used 
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[10]. If the CO scan is done with very wide instmmental resolution in the direction parallel 

to the sample's surface, the DWBA formula for the difiiise scattering is given by [10]: 

Idifico)^ ^ ^il-n^)^\mf\mf S(q,). (2.21) 
16;r X 

AH is the solid angle that the detector subtends at the sample, 9 \ is the angle 

between the incident x-ray beam and the sample's surface, ^2 is the angle between the 

detector and the sample's surface, « is the refractive index of the material just below the 

surface, and t(Q) is the Fresnel transmission coefficient corresponding to an x-ray beam 

coming from the air toward a smooth surface. S(q^) is the Fourier transform of the 

height-height correlation function of the surface, and qy. is the parallel to the surface 

component of the wave transfer vector. Using the Wiener-Khintchine theorem, 

[l\]S(qx)ozn be reinterpreted as the power spectral density of the height fiinction 

^ rough \^) • 

The difiuse scattering is produced by the occurrence of multiple scattering on the 

rough surface. A rough surface can be described by the height function 2̂ oMg/j(*) in the 

following way: 

^(^) = ^smooth + trough (^) • (2-22) 
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^smooth gives the average height of the surface. It corresponds to an ideal 

smooth, flat and abmpt "average interface." z^oughi^) gives the relative height with 

respect to the ideal "average interface" at point x. Zfoughi^) is supposed to be an ergodic 

and random process with zero mean [11]. 

Highly smooth surfaces have large correlation lengths (^ in the in-plane 

direction, i.e., the height-height correlation fiinction of those surfaces has a broad 

maximum around (x = 0). Consequently, their power spectral density S(qx) should have 

a relatively narrow peak around the specular peak (̂ ^^=0) without a subsidiary 

maximum [12]. Often it is assumed that the surface has a self-affine fractal surface 

roughness profile [13], whose height-height correlation function is given by the following 

formula: 

2^ 
C(x)=cT^Exp{-\x\^ ]. (2.23) 

cr is the root-mean-square surface roughness, and (3-/i) is the fractal dimension of 

the surface [10]. The value of/» determines the texture of the roughness. Small values of 

h produce extremely jagged surfaces, while surfaces with values of h approaching 1 

appear to have "smooth" hills and valleys. The Fourier transform of the above C(x) is the 

corresponding power specfral density S(q^). This caimot, in general, be calculated 

analytically, except in special cases. The power spectral density is a Lorentzian curve 

centered at qx=^ for /? = 0.5. It is a Gaussian curve centered at qx=^ for h- 1. For 

others values of A, the Fourier transform has to be calculated numerically. 

17 



Fonnula (2.21) with S(qx) equal to the Fourier transform of C(x), with C(x) 

given by formula (2.23), can be used to fit the experimental curve obtained during an co 

scan. In this way the values of the surface's parameters cr, ̂ , h can be determined. 

However, formula (2.21) often is obtained using the DWBA, which is always 

presented in a dense mathematical way [10,14,15]. This makes it difficult to comprehend 

the physical reality behind the formula (2.21). A novel, phenomenological interpretation 

of the DWBA is presented in the following section. 

2.2.2 Phenomenological interpretation of the DWBA 

Figure 2.3 shows two rocking curves corresponding to a thin AIN layer grown by 

MBE on a Si substrate. Each co scan was made at a different position 20 of the detector 

(see Figure 2.2). 
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Figure 2.3. co-scans corresponding to a 210 A AIN layer grown on Si. 
The arrows point to the second Yoneda wings. 
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The central peak of each rocking curve corresponds to the specular reflection, i.e., 

at this particular value of the w-angle, the angle between the x-ray beam and the sample's 

surface (9\) is equal to the angle between the detector and the sample's surface (OT). The 

two other principal features in a typical rocking curve are knovra as Yoneda vdngs [16]. 

It is well known that the Yoneda wings appear when the x-ray source or the detector 

forms an angle with the sample's surface equal to the critical angle. 

Although a rocking curve looks symmetrical with respect to the specular peak, the 

two Yoneda wings are not equivalent. The location of the first Yoneda v̂ n̂g in the 

rocking curve is independent of the detector position. This property is a consequence of 

the fact that the first Yoneda wing appears when the angle between the incident x-ray 

beam and the sample's surface is equal to the critical angle. 

The first Yoneda wing corresponds to a local maximum of the difiiise scattering, 

which can be observed simultaneously by detectors situated at different positions. The 

existence of the first Yoneda wing is often explained by reasoning that when 9 i= 9c, a 

total reflection of the incident x-ray beam occurs, and the electric field at the surface 

reaches a maximum of twice the incident field, resulting in greater difiuse scattering in 

every direction [10]. 

Finding convincing arguments to justify the existence of the second Yoneda wing 

is more controversial. It is well known that the mathematical formula (2.21) for the 

difiiise scattering obtained using the DWBA can explain why the second Yoneda wing 

occurs when the angle between the sample surface and the detector is equal to the critical 

angle (02 = ^c). This is because 1̂ 2̂)1 takes its maximum vahie equal to 2 at 62 =9c-
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The presence of the factor |/(^2)l^ in the difiuse scattering fonnula has 

frequently been interpreted following the mathematical ideas of perturbation theory 

[10,14]. In order to do so, the concept ofa "time-reversed state" has been introduced, i.e., 

/(^2) has been interpreted as the transmission coefficient of an auxiliary x-ray beam 

which is coming from the air toward the surface, but wath the very unphysical property of 

traveling backward from the detector position. 

Alternately, in order to avoid the contra-inmitive concept of "time-reversed state," 

t(92) has been interpreted as the transmission coefficient of an auxiliary x-ray beam 

coming from the inside of the sample toward the surface [17], so that the transmitted 

beam is registered by the detector in the direction 9trans - ^2 However, this 

interpretation is incorrect because the Fresnel transmission coefficient for a wave coming 

from the sample to the air does not have a maximum for 9trans -^i-^c^ but rather a 

minimum. 

There are three intriguing points regarding the presence of the factor |̂ (^2)l in 

the difiiise scattering formula. First, there is no clear explanation for the physical source 

of the auxiliary x-ray beam, which must be introduced into the theory in order to explain 

the existence of the second Yoneda wing. Second, it is not easy to explain why, if the 

auxiliary beam is coming from the air to the sample with the grazing incidence angle 

equal to the angle between the detector and the surface, the auxiliary beam is observed in 

the detector position. Third, the auxiliary x-ray beam must have another "special" 

property. Although the transmission reaches its maximum value at ^2 = ^c > because the 
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electric field at the surface reaches a maximum of twice the incident field, it does not 

result in greater difiuse scattering in every direction, but only in the direction of the 

detector. As is shown in Figure 2.3, the second Yoneda wing cannot be observed 

simuhaneously by detectors situated at different positions. 

These three intriguing points are clarified using the phenomenological 

interpretation of the DWBA that I am presenting here. The generation of the difiiise 

scattering is a very complicated process, but Figure 2.4 shows what occurs without 

details of what really happens on the surface, i.e., using the DWBA. Part of the incident 

beam arriving at the surface from the x-ray source is specularly reflected and contributes 

to the central peak of the rocking curve. The incident beam is also partially transmitted. 

The intensity of the transmitted beam is proportional to the module-square of the 

transmission coefficient t(9i) corresponding to the ideal "average interface." 

Prinary x-ray beam 

Average interface • Rough surface 

Figure 2.4. Secondary x-rays produced by muhiple reflections 
at a rough surface. 
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The transmitted beam experiences multiple scattering on the real rough surface 

generating low-intensity x-rays traveUng in every direction from the rough surface 

toward the interior of the sample. This difiuse scattering can be considered to be 

produced by a distributed secondary x-ray source, which produces secondary x-ray beams 

in every direction from the top of the rough surface toward the interior. This is the 

significance of the auxiliary beam required by the theory in order to explain the existence 

of the second Yoneda wing. 

The secondary x-ray beams are also transmitted through the surface. 

Independently of the direction of the x-ray beam coming from the primary x-ray source, 

there is always a secondary x-ray beam traveling just parallel to the ideal "average 

interface." It is totally reflected in the direction 92 =9c, and detected as diffuse 

scattering by a detector in this position. 

Exactly the same thing would occur if the secondary beam were coming from an 

external x-ray source toward the surface with an incidence angle ^ -9c. Consequently, 

the transmission of a secondary x-ray beam takes a maximum value when it travels 

through the sample just parallel to the ideal "average interface." 

A detector, forming an angle ^2 = ^c with the sample's surface, measures a local 

maximum of the diffiise scattering produced by the total reflection of the transmitted 

secondary x-ray beam traveling just parallel to the ideal "average interface." A second 

detector forming an angle ^2 '̂  ^c with the sample's surface would record the difRise 

scattering due to another secondary beam generated in a different direction. 
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Consequently, only the detector that makes an angle with the san^le's-^surface equal to 

9c is able to record the second Yoneda wing. 

The difiuse scattering registered by a detector in the position ^2 is calculated 

approximately using the DWBA as the specular intensity produced in the detector 

position by the reflection in the ideal "average interface" of the secondary beams coming 

from the imaginary x-ray source shown in Figure 2.5. The real source of the secondary x-

rays is substituted by an imaginary x-ray source which emits in every direction. The 

intensity of the secondary x-rays beams emitted in every direction is proportional to 

lo l'(^l)l'^ After its transmission through the rough surface, the secondary x-ray beam 

anivmg at the surface with an incidence angle ^ = ^2 bas intensity proportional to 

IQ k(^i)l^ 1^^2)1^ This beam is detected as difiiise scattering by a detector in the 

position ^2 ^ s r its specular reflection in the ideal "average interface." 

Figure 2.5. The real source of the secondary x-ray beams is 
substituted by an imaginary x-ray source, 
which emits in every direction. 
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As was said before, S(qx) is the Fourier transform of the height-height 

correlation function of the surface, i.e., S(qx) is the power spectral density of the height 

fiinction r̂ o^ ;̂, (x). This point of view permits describing an a>-scan using the linear 

system terminology frequently employed in electrical engineering and communication 

theory. The rocking curve can be seen as the power spectral density of the output of a 

linear system, with power transfer function | H(o}) |̂  QC \t(9i)f'\t(92)f', when the input is 

z(x). If Zf.gi,gfj(x)=0, i.e., if the surface is flat and smooth, there is no diffiise scattering, 

and only the specular peak is observed. It is clear from this point of view that the Yoneda 

wings are related to the transfer function H(u)) of the rough surface, but not to the details 

of the surface itself, as was discussed before. 

It is important to note that, as in most optical scattering techniques [18], only the 

power spectral density of the surface's height function can be known using grazmg 

incidence x-ray reflection techniques. There is not a one-to-one relation between a 

fiinction and its power spectral density because numerous fiinctions can have the same 

power spectral density. Consequently, without additional information, it is not possible to 

obtain a picture of the sample's surface with these techniques. However, a great amount 

of information about the quality of surfaces and interfaces can be extracted from the 

knowledge of the power spectral density of the surface's height fiinction. The fact that the 

power spectral density of a periodic function has peaks related to the period of the 

fimction has been used to study experimentally multilayers with stepped interfaces [19]. 

It was proven that in this case the mean terrace size could be determined from the 

location of the additional peaks present in the rocking curve. 
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2.2.3 Diffiise scattering produced by layered medium 

In general, the difiiise scattering produced by a layered medium consists of the 

superposition of the diffuse scattering produced by every interface. The superposition can 

be partially coherent, or incoherent, depending on the correlation existing between the 

roughness profiles of different interfaces. 

If there is no correlation between the roughness profiles of different interfaces, the 

incoherent superposition of the diffuse scattering produced by every interface results in a 

rocking curve similar to the rocking curve corresponding to the sample's surface [20]. 

The case becomes more interesting when there is correlation between the roughness 

profiles of different interfaces, which is characteristic of samples with high quality 

superlattices. Figure 2.6 shows the specular reflectivity corresponding to a 209 A period 

AIN/AlGaN superlattice grown on Si by molecular beam epitaxy (MBE) [13]. Clear 

superlattice peaks can be seen proving the high quality of the superlattice. 

n
ts

 
(a

.u
.)

 

3 
O 

u 

1 0 -

1 0 ' 

1 0 ' 

0 

r \ 1 

r L 
• 

• 

' 

1 2 3 

6 ( d e g r e e s ) 

1 
1 

1 
1 

-

ym 

4 

Figure 2.6. Superlattice specular reflectivity. 
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Figure 2.7 shows the angle-space map corresponding to the same sample. The 

narrow sheets parallel to the co axis are due to a concentration of the scattering intensity 

around the 0 values corresponding to the specular superlattice peaks. 
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Figure 2.7. Scattering produced by a superlattice. 
The arrows point to the banana sheets. 

Owing to refraction, the sheets are curved, typically forming a banana-like shape. 

The presence of those sheets is a clear indication of the occiurence of resonant diffiise 

scattering (RDS) due to the partially coherent superposition of tiie diffiise scattering 

produced by every interface in the superiattice. The distance in the q^ direction of the 

reciprocal space between successive RDS sheets is equal to ^ ^ . L is the superiattice 
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period. The length of the RDS bananas in the q^ direction is inversely proportional to the 

effective lateral correlation length of the superiattice's interfaces. The width of the RDS 

bananas in the ^̂ j direction is approximately proportional to I/A. The vertical 

correlation length A is a measure of the degree of replication. The inter-plane correlation 

function depends on A in the following way [21]: 

Cij(x)=C(x)Exp{-^\''\. (2.24) 

In addition to the RDS sheets, other typical features are characteristic of the 

scattering by superlattices. The so-called Bragg-like resonant peaks are harder to observe 

than the RDS bananas and, like the Yoneda wings, are due to muhiple reflection 

(dynamical effect) on the rough interfaces. 

The specular superlattice peaks shown in Figure 2.6 fiilfill the one-dimensional 

Bragg's law [8]: 

2;r 
2ko sin 9^ = k^ (sin ̂ ^ + sin ̂ ^) = w - ^ . (2.25) 

Consequently, the specular reflection produced by a superlattice recalls the 

ordinary reflection because the specular peaks appear for reflection angles equal to the 

incident angle. However, the specular peaks occur only for a discrete set of incidence 

angles fulfilling Bragg's law. 
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Using the phenomenological interpretation of the DWBA presented in the section 

2.2.2, and neglecting refraction, the Bragg-like resonant peaks occur whenever the 

incidence angle of the primary x-ray beam, ^ i , or the incidence angle of the secondary x-

ray beam, ^ 2. ^^^ Bragg's law: 

2A:oSin^^^ " ' " T ' (̂ -̂ ^̂  

2koSin92^„ = n-j-. 

For m ?t n, the incidence angle 9=9\ is different from the scattered angle 

5̂c =^2» thus the cortesponding Bragg-like resonant peaks carmot be observed during a 

20-co scan because at those Bragg-like resonant peaks, qx"^^ 

The physical origin of the Bragg-like peaks can be clearly understood following 

the phenomenological interpretation of the DWBA. They appear due to the combined 

action of two factors. First, whenever the incidence angle of the primary x-ray beam 

fulfills Bragg's law, a very intense electric field is built up in the sample due to the 

coherent interference of the x-ray beam reflected by the superlattice's mterfaces. 

Consequently, scattering produced by the interface roughness should increase at those 

particular angles. Second, whatever the incidence angle of the primary x-ray beam may 

be, there will be secondary x-rays traveling in every direction. In particular, the 

secondary x-rays with incidence angle ^2 fiilfiUing Bragg's law, after being reflected by 
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the ideal interfaces, superpose constmctively in the direction determined by the scattering 

angle ^,c=^2 

Like the Yoneda wings, the existence of Bragg-like peaks is of completely 

dynamical origin. They occur independently of the actual correlation fiinction. Using the 

Hnear system terminology frequently employed in electrical engineering and 

communication theory, the Yoneda wings and the Bragg-like peaks only modified the 

transfer fiinction H(u)) of the sample. 
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CHAPTER m 

FFT METHODS FOR THICKNESS DETERMINATION 

3.1 Theoretical bases of the FFT methods 

As said before in Chapter n, formula (2.20) constitutes the theoretical foundation 

of the Fourier transform methods used to obtain layer thickness from the reflectivity 

versus incidence angle curve. Formula (2.20) shows that the ciuve l ^ . versus q^ is 

determined by the amplitude of the Fourier transform of the electron density's derivative. 

Consequently, the amplitude of the Fourier transform of the curve ^^—- versus q^ 

-•o ^(9z) 

should have a maximum wherever the electron density changes abmptly in the sample. 

The electron density in a layered medium changes abmptiy in each interface, thus 

taking the Fourier transform of the curve 7—J7—r versus q^ should permit us to obtain 

layer thickness. The practical difficulty of this procedure is to find out what the function 

^(9r) is-

In order to understand the physical meaning of the fiinction "Viq^), it is helpful to 

plot the fiinction , ^^ \ in a logarithmic scale. In a linear scale, the reflected intensity 
IQ ^(92) 

is divided by /o*I'(9z) , but in a logarithmic scale the fiinction Log[I(qz)]is diminished 

by a quantity equal to Log[Io'i'(qz)] Consequently, it is necessary to subtract the 

quantity Log[Ig'¥(qz) ] before performing the Fourier transform of the reflectivity's 
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logarithm versus q^ curve in order to successfiilly use the Fourier method to obtain layer 

thickness. 

The Fourier method was first applied to x-ray diffiaction curves by taking directly 

the Fourier transform of the experimental curve [22]. With a linear scale. Figure 3.1 

shows the same reflectivity versus angle curve shown v̂ dth a logarithm scale in Figure 

2.2. The interference fringes are only a small perturbation of the fundamental signal, thus 

only after subtracting the fiindamental signal Log[Io^{qz)] from the reflectivity's 

logarithm versus qz curve, is it possible to obtain the curve Log[I{qz)]-Log[Io'Viqz) ] 

whose Fourier transform is directly related to the sample stmcture in direction normal to 

the surface. 
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Figure 3.1. Specular reflectivity produced by a 210 A AIN layer grown on Si. 
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Io'^(lz) is a smooth curve, which decreases at least as fast as the fourth power 

of the wave vector transfer vector q^. The necessity of subtracting the fimdamental 

signal Log[I(,'i'(qz) ] from the reflectivity's logarithm versus qz curve was recognized in 

more recent attempts to apply the Fourier method for thickness determination. Marcus 

[23] considered the simplest approximation possible: he made the linear approximation 

Log[Ig'¥(q^) ]!»A+Bq2, and even though he unproved previous results, this was not the 

best possible choice. A related approximation is to take lo'i'igz) as the Fresnel 

reflectivity produced by the sample surface [5]. However, in general the contribution of 

the sample's surface to the total reflectivity is only the more important contribution for 

very small angles, but for larger angles the contribution from deeper interfaces may be 

more unportant. 

3.2 Improving the FFT methods for thickness determination 

I found the physical meaning of the smooth curve (fimdamental signal 

Log[IoV(qz) ]) which should be subtracted from the reflectivity's logarithm versus qz 

curve before attempting a successful application of the Fourier method for finding layer 

thickness. I found also a very simple way to calculate this curve. 

The interference fiinges in the x-ray reflectivity versus angle curve provide a clear 

sign that the x-rays reflected in different interfaces superpose coherently. If the x-rays 

reflected in different interfaces were superposed incoherently, then the x-ray reflectivity 

versus angle curve would be smooth. The area below the reflectivity curve times the 

photon energy is equal to the total energy registered by the detector during a 20-o) scan. 
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This area is the same, no matter whether the superposition of the x-rays is coherent or 

incoherent. Consequentiy, the smooth curve Log[Io'¥(qz) ] which fits the reflectivity's 

logarithm versus qz experimental curve is the logarithm of the intensity corresponding to 

the incoherent superposition of the x-rays reflected in different interfaces. 

The logarithm of the intensity corresponding to the incoherent superposition of 

the x-rays reflected in different interfaces can be obtained directly from the experimental 

reflectivity's logarithm versus q^ curve in a very simple way: the smooth curve is the 

local average of the experimental curve: 

, ^z,2 
Log[I„^{qz)]«j. I,LoglI(qz,k)] , q^^<qz<qz2 (3 1) 

qz=qz,i 

N is the total number of experimental points using to calculate the local average. I 

found a practical way to find a good value for N by selecting the wave vector transfer 

interval used to make the local average Mz-Rz,2~qz,\ so that ^^l and 

qz2 correspond to two successive valleys associated with the slowest oscillations of the 

reflectivity's logarithm versus qz experimental curve. 

I wrote the computer program "Thickness" using the Mathematica language 

implementing this idea. Table 3.1 shows the thickness values obtained for a selected set 

of samples. For comparison, the thickness values obtained by x-ray reflectivity 

simulation using a Philips PC-GIXA (Grazing Incidence X-ray Analysis) program are 

included in the table. 
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Table 3.1. Resuhs obtained with the program "Thickness". 

Sample Description 

AIN/Si (MBE) 

SiOj/Si 

TiN/Ti/Si 
(sputtering) 

AIGaN/GaN SL 
(MBE) 

Nominal Thickness (A) 

A!N=1250 (grower value) 

Si02=685 (elipsometry) 

TiN=1200, Ti=200 
(grower value) 

SL periocl=202 (TEM, x-ray diff.) 

GIXA simulation (A) 

AIN=1473 

SiO2=704 

TiN=1362 
Ti=195 

This work (A) 

AIN=1445 

SiO2=706 

TiN=1330 
Ti=203 

SL period=202 

The interpretation of the FFT of the difference curve can be made using the 

following guidelines. The intensity of the reflected x-ray beam corresponding to the 

coherent interference of the x-rays reflected in the two interfaces ofa layer is related with 

the layer thickness by the following equation [23]: 

Log[j^^f^J^cos[(nd)qz]. (3.2) 

Consequently, perfonning the FFT of the difference curve 

LoglI(qz)]-Log[Io'¥{qz) ] permits the direct discovery of the thickness of the layer. 

Figures 3.2 to 3.4 show some examples of the smooth curves obtained and the 

amplitude of the FFT of the corresponding difference curves Log[Hqz)]-Log[lo'¥{qz) 1 • 
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Figure 3.2. Processing of the reflectivity curve corresponding to a 1450 A 
AIN layer grown on Si by MBE. 
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Figure 3.3. Processing of the reflectivity curve corresponding to a 115 A 
Cu layer grown on Si. The principal peak corresponds to the 
Cu-Si interface. There is a 35 A layer of native Cu oxide 
at the top of the sample. 
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Figure 3.4. Processing of the reflectivity curve corresponding to a 1330 A 
TiN layer grown on top ofa 200 A Ti layer grown on Si. 
The points show the interfaces TiN-Ti and Ti-Si. The largest 
peak corresponds to the thickness of the Ti layer. 

37 



If the sample is a layered medium, the interference of the x-rays reflected in each 

possible pair of interfaces contributes to the total reflectivity; thus, neglecting multiple 

reflections and making «,«1 for every layer: 

^ ^ ^ t 7 ^ ] - I ^,yCOs[^,,.^,] (3.3) 
" ^ ^ pairs 

The formula (3.3) shows that the amplitude of the FFT of the difference curve 

may have peaks corresponding to the thickness between each possible pair of sample's 

interfaces. Moreover, including dynamical effects (multiple reflection between the 

interfaces), the FFT may have additional peaks corresponding to modulation terms of the 

form cos[dj J ^z]cos[c/jt,/ <lz]- Consequently, the FFT may be difficuh to interpret if 

there are many layers in the sample [23], or multiple reflections occur due to the high 

quality of the sample's interfaces. The following example illustrates this point. 

I analyzed a very complex sample using the program "Thickness." Two 

superiattices often 20X20 A AlAs/GaAS double-layers and between them a supperiattice 

with InAs quantum dots were grov^ on GaAs by molecular beam epitaxy (MBE) as 

shown in Figure 3.5. The experimental reflectivity versus incidence angle [21] is shown 

together with its local average curve in Figure 3.6. After the difference curve 

Log[I(qz)]-Log[Io'i'iqz) ] is obtained, it can be processed using any well-known digital 

signal processing technique in order to find its FFT in the more adequate way. 
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Top layer: GaAs (»I00 A) 

(AlAs-GaAs)-SL (20 

GaAs («500 A) 

(InAs QDs - GaAs) -

GaAs («1000 A) 

(AlAs-GaAs)-SL(20-

GaAs substrate 

- 20) X 10» 8 400 A 

SL (60 A) X 15 « 900 A 

- 20 ) X 10 s »400A 

Figure 3.5. Stmcture ofa complex sample with three superlattices. 
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Figure 3.6. Reflectivity produced by a complex sample. 
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Figure 3.7 shows the local average of the difference curve corresponding to a 

large value of A^̂  The FFT of this local average of the difference curve shows a 40 A 

peak corresponding to the superlattice period. 

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 
q (1/A°) 

Figure 3.7. Processing a complex sample's reflectivity curve ( I ) . 
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Figure 3.8 shows the FFT of the second-difference curve, i.e., the difference 

between the two curves shown in Figure 3.7. Three peaks can be easily identified 

corresponding to the 91 A (JaAs top layer, 387 A total thickness of the AlAs/GaAs 

superiattices, and 507 A GaAs intermediate layer. The "Thickness" program identifies 

correctly the additional peaks in the FFT curve as corresponding to multiple reflections. 

Figure 3.8. Processing a complex sample's reflectivity curve ( n ) . 

Figure 3.9 shows the second-difference between the difference curve and its local 

average corresponding to a small value of A^^. The complexity of the FFT curve is 

evident. However, it is still possible to identify a new peak corresponding to the total 

thickness at the top of the deepest superlattice (2856 A), and another corresponding to the 

1050 A GaAS intermediate layer. 
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Figure 3.9. Processing a complex sample's reflectivity curve (HI). 
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CHAPTER rv 

MATERL\L PARAMETERS AND ROUGHNESS 

4.1 Simulation of specular x-ray reflectivity 

The matrix algorithm reviewed in Chapter n is often used to simulate specular 

x-ray reflectivity. The goal of most simulations is to find a global minimum of a merit 

fiinction related with the r.m.s difference between the experimental and the simulated 

curves. However, due to the large number of variables involved, frequently the 

minimization algorithm gets trapped in a local minimum [24], thus many trials have to be 

done before a good fit can be achieved. 

Any simulation starts with the selection of a sample model. This means proposing 

the sample's stmcture. At least 3(N+1) + 3 variables have to be included in any 

simulation of the reflectivity produced by a layered medium with N layers: the material 

and thickness of each layer, the roughness of each interface, and three experimental 

variables (intensity of the incident x-ray beam, backgroimd intensity, and angle offset 

7/9 

^-co). The layer material determines the critical angle and the linear absorption 

coefficient. In many cases the many-variables problem is even more complicated because 
the critical angle 9c cc A— p depends on two parameters that can change independently 

of each other: the density and the chemical composition (atomic number Z and atomic 

mass A) [23]. 

Even though great efforts have been dedicated to find ways to improve the 

minimization algorithms, and important improvements have been obtained [24], x-ray 
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reflectivity determination remains in the frontier between science and art. Recently, self-

fitting methods have been possible due to the inclusion of the genetic algorithm [24] in 

the minimization algorithm. The genetic algorithm optimizes the random search for the 

global minimum allowing the elimination of the traditional trial and error method used in 

the x-ray reflectivity simulation of a previously proposed sample's model. The time 

required for a single simulation increases with respect to the traditional mirumum descent 

algorithm, but the total time dedicated to obtain a good fit decreases. However, the 

primary guess with regard to the sample's stmcture is still necessary. Moreover, the 

heavy numerical calculation obscures the physical interpretation of the final resuh. 

The initial application of the FFT method explained in Chapter HI may be very 

useful in making a primary guess with regard to the sample's stmcmre. Furthermore, I 

will show in the next section that the smooth curve obtained by taking the local average 

of the experimental curve can be used to develop an altemative fitting procedure. This is 

simpler than the matrix method and supplies valuable information about the contribution 

of each interface to the total reflectivity. It is very useful to know the contribution of each 

interface to the total reflectivity, because this supplies feedback for the correct 

interpretation of the results of the FFT method. 

4.2 The average intensity method 

As I stated in Chapter HI, the smooth curve Log[Io'¥(qz) ] which fits the 

experimental reflectivity's logarithm versus qz curve is the logarithm of the intensity 

corresponding to the incoherent superposition of the x-rays reflected in different 
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interfaces. The intensity corresponding to the incoherent superposition of the x-rays 

reflected in different interfaces can be calculated in the kinematic approximation (i.e., 

neglecting multiple reflection) using the following formula: 

Ijncoh _ I , * , 2 ^ , „ . ^ ^ ^ 1 ^ 1 , / ,2 * , 2 , 
—J I ^0,1 I + {Exp[ ^di] I /o 11 |r 1̂2 I } + 

'^ ^z,l ^ 

+ { n Expi ^dkl I Utk-l,k I I r jj^i r } + ... (4.1) 
k=l <lz,k^ k = l 

The total reflection coefficient r calculated with formula (2.14) corresponds to the 

coherent superposition of the x-rays reflected in different interfaces. In the case of 

coherent superposition, every interface contribution to the total electric field must be 

added and the coherent intensity is found as the square of the amplitude of the total 

electric field. Formula 4.1 corresponds to the incoherent superposition case, thus the 

phase factors do not have to be included. Each term in formula 4.1 gives the intensity 

contribution of an interface to the total intensity, i.e., the intensity in the incoherent case 

is the superposition of the intensity contribution of every interface. 

If in fonnula 4.1 the transmission Fresnel coefficient is evaluated using the 

formula 2.11, Ijncoh can be larger than the intensity of the incident beam for angles close 

to the critical angles of the layer's material. This is because at the critical angle the 

amplitudes of the reflection and transmission Fresnel coefficients take maximum values 

of 1 and 2 respectively [4,10]. Energy conservation implies that the amplitude of the 
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transmission Fresnel coefficient in formula 4.1 should be evaluated using the following 

expression: 

\h-\,k\^=^-\h-l,k\^ (4.2) 

If the total thickness of the thin fihn is small enough, the absorption factors in the 

formula (4.1) can be sunplified m the following way: 

% ^ = I <1 1̂  +{ I ô,i ?• \r li ?• }+ •-+{ I na-Lfc 1̂  I r L>1 1̂  } + ••• (4-3) 
k = \ 

The absence of the phase factors in formulas (4.1, 4.3), and formula (4.3) show 

that lincoh has a very weak dependence on the thickness values. Consequently, the 

smooth curve Log[lo'y{qz) ] obtained with the program "Thickness" from the 

experimental reflectivity versus angle curve can be used as the curve to be fitted using 

formula (4.1). This procedure permits considering separately the roughness and material 

effects, eliminating the necessity of simultaneously finding the thickness values. 

I wrote the computer program "Roughness" using the Mathematica language 

implementing this procedure. The successive use of the programs "Thickness" and 

"Roughness" constitutes an altemative to the often-used matrix method. This approach to 

the characterization of thin films by x-ray reflectivity allows us to obtain a better 

understanding about the physics involved, thus it complements the matrix method. For 
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many applications this procedure gives good enough values of thickness, roughness, and 

material parameters; however, if necessary, those values can be used as the initial values 

for the matrix method. Moreover, this approach helps us to find the right sample's model 

that must be known before any attempt to successfully use the matrix method. Another 

practical advantage of using the smooth curve Log[Io'¥(qz) ] as the curve to be fitted is 

that less curve points are necessary to describe it. In order to observe all the interference 

fiinges in the experimental curve LogUiq^) ], it is necessary to use a high sampling 

frequency. The smoothness of the curve Log[lo'¥(qz) ] permits considerable decrease in 

the sampling frequency, and thus the fitting time required. 

Figure 4.1 shows a flow diagram of the program "Roughness." Each set of 

parameters—critical angles, layers roughness, intensity, angle offset, background 

intensity—is considered a "chromosome" in the genetic algorithm, the parameters are the 

"genes." Each chromosome corresponds to a local minimum of the r.m.s difference 

between the smooth curve Logllg^iqz) ] and the calculated curve Log[li„cohl If the 

initial random search for the global minimum is broad enough, then the genetic algorithm 

may produce the chromosome corresponding to the global minimum by mixing the genes 

corresponding to different chromosomes. The program output supplies not only the curve 

Log[lj„cohl th^t best fits the smooth curve Log[Ig'¥{qz)] and the corresponding 

sample's parameters, but the program also supplies the contribution of every interface to 

the total incoherent intensity. This can be done easily using the average intensity method 

because the reflected intensity produced by each sample's interface must be calculated 

anyway in order to compute lincoh • The output of the simulation programs based on the 
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matrix method does not have this feature because it would require undesirable additional 

calculations. 

Initial Data: 

Each layer: Material ->{Critical angle, Unear absorption coefficient, and thickness (optional)} 

Each interface: Roughness 

Instrumental parameters: { IQ , angle oflfeet and background intensity} 

Fitting Parameters: 

Control of the initial random search for the global minimum, control of the minimum descent 

algorithm, control of the genetic algorithm, and control of the sampling rate of the 

experimental curve. 

Looking for a Set of Local Minimums 

Initial Random Search • Minimum Descent Algorithm 

Genetic Algorithm 

Finding the Global Minimum 

• Minimum Descent Algorithm 

OUTPUT 

1. Calculated lincoh sad the corresponding values of all sample's parameters. 

2. Contribution of every interface to the total incoherent intensity. 

3. Density and chemical composition of the layer's materials (optional). 

Figure 4.1. Flow Diagram of the program "Roughness." 
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Table 4.1 shows the results obtained corresponding to a 1450 A AIN layer grown 

on Si by MBE (also see Table 3.1). For comparison, the roughness values found with the 

simulation program GIXA are included. 

Table 4.1. Results obtained with the program "Roughness" ( I ) . 

Interface 

Air-AIN 
AIN-Si 

Roughness (A) 
GEXA 

9 
10 

This work 
10 
9 

Table 4.2 shows the results obtained corresponding to a 1330 A TiN layer grown 

on top ofa 200 A Ti layer grown on Si (also see Table 3.1). 

Table 4.2. Resuhs obtained with the program "Roughness" (II). 

Interface 

Air-TiN 
TiN-Ti 
Ti-Si 

Roughness (A) 
GIXA 

21 
12 
6 

This work 
22 
13 
8 

Figure 4.2 shows the contribution of each interface to the total incoherent 

reflectivity corresponding to the ADSf/Si sample. The reflectivity produced by both 

interfaces decreases almost at the same rate in accordance with the existence of 

interference fringes in all the angle ranges measured (see Figure 3.2). 
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Figure 4.2. Contribution of each AIN/Si sample's interface to li„coh • 
The continuous curve corresponds to the top interface. 
The thin discontinuous curve corresponds to the bottom interface. 
The thick discontinuous curve corresponds to lincoh • 

Figure 4.3 shows the contribution of each interface to the total incoherent 

reflectivity corresponding to the TiN/Ti/Si sample. The interfaces TiN-Ti and Ti-Si give 

the predominant contributions to lincoh in accordance with the strong 200 A peak found 

with the FFT method (see Figure 3.4). At small angles, the contribution of the Air-TiN 

interface to the total incoherent reflectivity is important in accordance with the fast 

oscillations presents in the first part of the reflectivity curve. 
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Figure 4.3. Contribution of each TiN/Ti/Si sample's interface to lincoh • 
The thick discontinuous curve corresponds to lincoh • 
The continuous curve corresponds to the Ti-Si interface. 
The short-segments curve corresponds to the TiN-Ti interface. 
The long-segments curve corresponds to the Air-TiN interface. 

The two examples shown above demonstrate that, using the average intensity 

method, we can obtain good estimates of interface roughness. Moreover, the average 

intensity method can be used for checking the resuhs of the matrix method. I found that 

in many cases, when the minimization algorithm implemented in the GIXA simulation 

program gets trapped m a local minimum, the average intensity method shows that the 

contributions to the total incoherent reflectivity of the interfaces corresponding to the 

local minimum cannot explain the FFT resuhs obtained with the program "Thickness." 
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I also found weaknesses in the intensity method. After an intensive use of the 

program "Roughness" I found that even v^th the use of the genetic algorithm, it is not 

possible to avoid the trial and en-or approach to the correct characterization of thin films 

using x-ray reflectivity. The average intensity method permits eliminating thickness as a 

variable in the minimization algorithm; however, 2(N + 1) + 3 variables still have to be 

considered m simulating the reflectivity produced by a layered medium wdth N layers. 

Probably, the use of a more complex genetic algorithm and a faster minimum descent 

algorithm than the one implemented in the program "Roughness" would allow a broader 

initial random search; however, I think that it is important to check if the contributions of 

the interfaces to Ii„coh are compatible with the FFT results obtained v̂ dth the program 

"Thickness" and with the interference fringes in the experimental curve. 

I am convinced that a fiirther improvement of the "Roughness" program is 

possible if checking the relative reflectivity produced by the interfaces is included in the 

minimization algorithm. 
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CHAPTER V 

VIABILrrY OF THE APPLICATION OF X-RAY REFLECTIVITY 

TO THE STUDY OF CU OXIDATION IN THIN FILMS 

There is renewed interest in the use of thin Cu fihns in the semiconductor 

industry. This makes Cu fihns an attractive field for the appUcation of x-ray reflectivity. 

X-ray reflectivity has been used m the past for the smdy and characterization of thin 

metal films [25], but thm Cu films have not received enough attention. 

In order to explore the extreme possibilities that x-ray reflectivity provides, I will 

focus my attention on the study of Cu oxidation in thm films. I will show in this chapter 

that even though Cu oxidation in thm films is a complex phenomenon involving sub-

nanometer stmctures, x-ray reflectivity can provide valuable information about it. 

Cu oxidation m thick films at high temperamres has been extensively studied in 

the past [26]. It is well known that there are two stable Cu oxides: cupric oxide (CuO) 

and cuprous oxide (CU2O). High temperatures and low oxygen pressures favor the 

formation of cuprous oxide, but at low temperatures (T < 500 °C) and oxygen pressure 

around 1 atm, most of the Cu oxide should be cupric oxide [26]. If a metal like Cu has 

several oxidation states, these oxidation states are arranged in layers wdth the one richest 

in oxygen at the oxide-gas interface, and the one richest in metal in contact with the 

metalhcbase [26]. 

The Cu oxidation mechanism involves the formation of Cu vacancies in the metal 

side of the CU2O-CU interface, and the Cu diffusion from the metal interior to the 

interface through those vacancies forms new defects [26]. The excess of oxygen absorbed 
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on the CuO-Cu20 interface promotes the reaction O2 + 4Cu -^ 2 CU2O. At low 

temperatures and high oxygen pressure the cuprous oxide decomposes into cupric oxide 

following the reaction 2 CU2O + O2 -> 4 CuO. In the very first stages of oxidation, the 

oxygen is absorbed by chemisorption [26] on the sample surface forming a stable 30-50 

A native oxide layer at room temperamre. 

It has been determined that the time dependence of the thickness of the Cu oxide 

layer (Q depends on temperature [26]. For T < 80-100 °C there is a logarithmic 

dependence, for 80-100 °C < T < 150-200 °C the dependence is cubic, and for 

T > 150-200 °C temperature the dependence is parabohc, i.e., t, is proportional to the 

square root of the oxidation time. The parabohc dependence results if the oxidation is 

controlled by a concentration gradient of Cu vacancies in the scale. In this case, vacancies 

migrate towards the interior and accumulate near the metal oxide interface, which may 

deteriorate the smoothness of the oxide-metal interface. 

I studied Cu oxidation m two different thin film Cu layers grown on Si by 

sputtering. The first sample has a nominal 300 A Cu layer grown on Si. The second 

sample has a nominal 100 A Cu layer grown in Si. We are not sure that the native Si 

oxide was completely removed before the sputtering. The first sample was measured 

before aimealing and successively annealed m air (and measured) two hours at 100 °C 

and 5, 10, and 30 minutes at 150 °C. The second sample was measured before annealing 

and successively annealed in air (and measured) 5, 10, and 30 minutes at 150 °C, and 5 

minutes at 300 °C. Figures 5.1 and 5.2 show the resuhs of the 20-© and © scans 

corresponding to the sample with a nominal 300 A Cu thickness. 
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Figure 5.1. 20-© scans corresponding to a nominal 300 A Cu layer grown on Si. 
Before anneaUng (continuous curve), and after armealing 15 minutes 
at 150 °C (discontinuous curve). The arrows point to a second critical 
angle associated with the oxide layer. 
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Figure 5.2. 20-© and © scans corresponding to a nominal 300 A 
Cu layer grown on Si. 
Before armealing (discontinuous curve), and after annealing 
five minutes at 150 °C (continuous curve). 
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I processed the pre-annealing reflectivity versus angle curve with the "Thickness" 

program. Two clear peaks appear in the FFT analysis (see Figure 5.3). They con-espond 

to a 50 A native oxide layer on top ofa 256 A Cu layer. 
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Figure 5.3. Fourier method applied to the sample with a nominal 
300 A Cu layer. The 256 A peak corresponds to the 
Cu layer thickness. The second peak corresponds to the 
Cu-Si mterface 306 A below the sample surface. 

No changes in the specular or diffiise reflectivity were observed after annealing 

for two hours at 100 °C. However, after annealing for 5 minutes at 150 °C, notable 

changes were observed in both the diffuse and the specular reflectivity. Clear Yoneda 
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wings were recorded during the a scan and the interference fiinges ahnost disappeared in 

the 28-© scan (see Figure 5.2). The reflectivity versus angle curves obtained before 

annealing and after annealing 15 minutes at 150 °C (see Figure 5.1) were processed 

using the program "Roughness." The results are shown in Figures 5.4, and 5.5. 
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Figure 5.4. Processing of the specular reflectivity corresponding to 
the sample with a nominal 300 A Cu layer before aimeaUng. 
Total incoherent intensity (thick discontinuous curve). 
Contribution of the Cu-Si interface (continuous curve). 
Contribution of the oxide-Cu interface (short-segments curve). 
Contribution of the sample's surface (long-segments curve). 
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Before annealing, the interfaces Cu oxide-Cu and Cu-Si make the most unportant 

contributions to the total incoherent reflectivity. This can explain why the strongest peak 

in Figure 5.3 corresponds to the thickness of the Cu layer. However, after anneaUng 5 

minutes at 150 °C, most of the reflectivity is produced by the sample's surface due to 

deterioration of the Cu-Si interface (the roughness of the Cu-Si interface passed from 6 A 

before anneahng to 25 A) and the improvement of the smoothness of the sample's surface 

(the roughness of the sample's surface passed from 15 A before anneaUng to 5 A). 
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Figure 5.5. Processing the specular reflectivity corresponding to 
the sample with a nominal 300 A Cu layer after anneaUng 
15 minutes at 150 °C. 
Total incoherent intensity (thick discontinuous curve). 
Contribution of the Cu-Si interface (continuous curve). 
Contribution of the oxide-Cu interface (short-segments curve). 
Contribution of the sample's surface (long-segments curve). 
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The better quaUty of the sample's surface after anneaUng at 150 °C explains the 

appearance in the © scan of clear Yoneda wings. The nonexistence of reflectivity fiinges 

in the specular reflectivity curve after anneaUng 15 minutes at 150 °C made a precise 

determination of the oxide layer thickness impossible. 

The depression indicated by the arrows in Figure 5.1 can only be simulated 

assuming that the oxide constitutes at least one half of the whole metal-oxide layer. The 

absence of interference fiinges in the specular curve suggests that the oxide-metal 

interface is no more sharp and smooth after annealing at 150 °C. This could be related to 

fact that the Cu oxidation does not occur homogeneously in the film as a simple visual 

inspection of the sample revealed. It was observed that the color of most of the sample's 

surface changes after each armealing step, but in each annealing step, small colored spots 

with the characteristic color of most of the sample in the next annealing step were 

observed. 

The idea that the Cu oxidation is triggered after anneaUng at 150 °C is reinforced 

by the results of the analysis of the specular reflectivity curves corresponding to the 

sample with a nominal 100 A Cu layer. Figure 5.6 clearly shows that the observable 

critical angle of the specular curves corresponding to the nominal 100 A Cu layer 

changes from the Cu critical angle before anneaUng to the CuO critical angle after 

aimealing just 5 minutes at 150 °C. 
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Figure 5.6. 20-© scans corresponding to a nominal 100 A Cu layer 
grovm on Si. Before anneaUng (top discontinuous curve), 
after annealing 15 minutes at 150 °C (continuous curve), and 
after annealing 5 minutes at 300 °C (bottom discontinuous curve). 

Hardly appreciable changes in the specular reflectivity curve occurred after 

armeaUng 10 minutes more at 150 °C, and no additional changes of the specular or 

diffiise reflectivity were observed after armealing 30 minutes more at 150 °C. I found 

using the program "Thickness" (see Figure 5.7) that the FFT curves evolves from having 

two peaks (55 A oxide layer on top of 80 A Cu layer) before anneaUng to having one 

peak after annealing 45 minutes at 150 °C. This suggests that the complete oxidation of 

the thin Cu layer occurred in a few mmutes at 150 °C. 
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Figure 5.7. Fourier method appUed to the sample with a nominal 
100 A Cu layer. Before anneaUng (continuous curve), 
after annealing 5 minutes at 150 °C (short-segments curve), 
and after annealing more than 15 minutes at 150 °C 
(long-segments curve). 

The remaining peak in the FFT curves is associated vwth the mterference between 

x-rays reflected in the sample's surface and x-rays reflected at the interface between the 

whole metal-oxide layer and the Si substrate. Thus, in this sample the Si-Cu interface did 

not severely deteriorate after aimealing at 150 °C. However, as shown in Figure 5.6, after 

anneaUng 5 minutes at 300 °C most of the reflectivity fiinges in the specular reflectivity 

curve disappeared, probably due to the deterioration of the sample's surface. 
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As shown in Figure 5.8, clear Yoneda v^gs appeared after anneaUng the sample 

with a nominal 100 A Cu layer at 150 °C. As I said before, this is related with the 

improvement of the smoothness of the sample's surface. 
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Figure 5.8. © scans corresponding to a nominal 100 A Cu layer grown on Si. 
Before aimeaUng (discontmuous curve), and after anneaUng 
5 minutes at 150 °C (continuous curve). 

This study demonstrates that it is possible to obtain very valuable data about the 

Cu oxidation in thin fihns by x-ray reflectivity. X-ray specular reflectivity proves to be 

sensitive to the deterioration of the oxide-Cu interface, which is Ukely to occur due to the 

accumulation of Cu vacancies near the metal-oxide interface while tiie Cu oxidation 
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occurs. X-ray diffiise scattering proves to be very sensitive to the first stages of the 

oxidation process when a notable improvement of the sample's surface occurs, perhaps 

be due to the absorption of oxygen by the surface. 

It is very important to have samples specially prepared for the study of Cu 

oxidation. The severe deterioration of the Cu-Si interface after annealing the sample with 

a nominal 300 A Cu layer at 150 °C may have been produced by the occurrence of 

mtemal oxidation in that interface [26]. Internal oxidation could have occurred if the 

native oxide was not completely removed before the deposition of the Cu. Because it is 

very important to have at least one smooth internal interface in order to be able to register 

interference fiinges m the specular reflectivity curve, I think that it is better to prepare 

samples with the thin Cu layer growm over another metal layer. Ti has been used as a 

barrier to avoid the diffusion of Si in metals and metals in Si; thus perhaps including a 

barrier layer of Ti between Si and Cu can preserve the smoothness of the Cu-substrate 

interface after annealing at 150 °C. In this way the determination of the thickness of the 

whole oxide-metal layer could be made during the complete oxidation process. 

This study also demonstrates that x-ray reflectivity has to be complemented with 

other experimental techniques in order to answer aU the questions that the interpretation 

of the experimental reflectivity curves could inspire. It is also important to have detailed 

information about how the samples were grown. 
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CHAPTER VI 

CONCLUSIONS 

Thin-layered fihns can be characterized by x-ray reflectivity. Often x-ray 

reflectivity simulation is used to obtain layer thickness and interface roughness. X-ray 

reflectivity simulation requires mtensive numerical calculation, making it difficult to 

grasp the physics behind it. 

I have demonstrated that reliable values of layer thickness can be obtained in a 

simple way using the improved Fourier method explained in Chapter IH. I have shown 

that the Fourier method produces better results if, before performing the Fourier 

transform, the logarithm of the intensity corresponding to the incoherent superposition of 

x-rays reflected in the sample's interfaces is subtracted from the experimental logarithm 

of the reflectivity versus angle curve. I demonstrated theoretically how the Fourier 

methods are related with the dynamical and kinematical approaches to the x-ray 

reflectivity. 

I have shown that a simple local average of the experimental logarithm of the 

reflectivity versus angle curve allow us to obtam a smooth curve, which is a good 

approximation of the logarithm of the intensity corresponding to the incoherent 

superposition of x-rays reflected m the sample's interfaces. I have developed a computer 

program implementing this idea m order to find layer thickness. I have shown that the 

program can be applied successfiilly to simple samples and even to some complex 

samples with superlattices. 
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I developed an altemative method to the often-used matrix method in order to find 

interface roughness. I showed that it is possible to use the smooth curve obtained by local 

averaging of the experimental reflectivity as the curve to be fitted in order to find 

interface roughness. The smooth curve should be fitted with the calculated intensity 

corresponding to the incoherent superposition of x-rays reflected in the sample's 

interfaces. The average intensity method has two principal advantages. First, the curve to 

be fitted is smooth, thus the number of curve points where it is necessary to calculate the 

reflectivity during the fitting procedure can be reduced, which may resuh in a faster 

fittmg algorithm. Second, it is easy usmg the intensity average method to find the 

contribution of each sample's interface to the total incoherent reflectivity. I showed with 

examples that the knowledge of the interface's contribution to the total reflectivity is very 

helpful in interpreting the experimental reflectivity curves. In addition, if the film is very 

thin, the incoherent reflectivity is almost independent of the layer thickness, which 

permits finding roughness independently of thickness using the average intensity method. 

I think that the best way to process the x-ray reflectivity curves is by using 

successively the Fourier method, the average intensity method, and finaUy, if necessary, 

the matrix method. The number of peaks found with the Fourier method teUs us about the 

possible stmcture of the sample, and the peaks' positions tell us about the thickness of the 

sample's stmctures. This information can be used in the average intensity method in 

order to obtain first estimates of interface roughness. If very precise values are needed, 

the thickness and roughness values found wdth the Fourier and average intensity methods 

can be used as mitial values m the matrix method. I strongly suggest checking if the 

resuhs obtained with the matrix method are m correspondence with the contributions of 
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the interfaces to the total incoherent reflectivity as calculated with the average intensity 

method and the parameters obtained with the matrix method. I found in many cases that 

when the matrix method is trapped m a local mmimum, the contributions of the interfaces 

to the total incoherent reflectivity cannot explain the stmcture of the mterference fringes 

in the experimental reflectivity curve. 

I applied these ideas to the study of Cu oxidation in thin films. I found that x-ray 

reflectivity is sensitive to the very first stages of the Cu oxidation in thin films. Clear 

Yoneda wings, not present before aimeaUng, were observed in the © scan after annealing 

at 150 °C, which indicates notable improvement of the sample's surface may be due to 

the absorption of oxygen by the surface. X-ray specular reflectivity revealed a 

deterioration of the oxide-Cu interface during the oxidation process, which may be 

related to the accumulation of Cu vacancies near the metal-oxide interface. The 

processing of the experimental data suggests that the Cu oxidation in the films was 

activated when the temperature was increased from 100 °C to 150 °C. I found it 

important to prepare the samples specially to carry on the study of Cu oxidation in thin 

films. It is necessary to have a smooth mtemal mterface which does not deteriorate 

during the oxidation in order to be able to obtain interference fiinges in the reflectivity 

curves during the entire process. 

Fmally, I included in Chapter II a novel mterpretation of the DWBA. The 

distorted-wave Bom approximation is often presented in a dense mathematical way, and I 

hope it will be very usefiil for experimentalists to know about a phenomenological 

interpretation of the DBWA. 
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reflection from multilayers with step interfaces," Phvs. Rev. B 55. 1997, 
pp. 9960-9968. 

68 



(13) Albert-Laszlo Barabasi, H. Eugene Stanley, Fractal concepts is surface growth. 
Cambridge University Press, New York, 1995, pp. 29-36. 

(14) V. Holy, J. Kubena, I. Ohlidal, "X-ray reflection from rough layered systems," 
Phvs. Rev. B 47. 1993, pp. 15896-15903. 

(15) V. Holy, T. Baumbach, "Nonspecular x-ray reflection from rough multUayers," 
Phvs. Rev. B 49. 1994, pp. 10668-10676. 

(16) Y. Yoneda, "Anomalous surface reflection of x rays," Phvs. Rev. 131. 1963, pp. 
20I0-20I3. 

(17) D. K. G. de Boer, "Influence of the roughness profile on the specular reflectivity 
of x-rays and neutrons," Phvs. Rev. B 49. 1994, pp. 5818-5820. 

(18) John C. Stover, Optical scattering: measurement and analysis. McGraw-HiU, 
New York, 1990, pp. 1-9. 

(19) V. Holy, C. Giannini, L. Tapfer, T. Marschner, and W. Stolz, "Diffiise x-ray 
reflection from muhUayers with step interfaces," Phys. Rev. B 55. 1997, 
pp. 9960-9968. 

(20) V. Holy, U. Pietsh, T. Baumbach, High-resolution x-rav scattering from thin 
films and multilayers. Springer, New York, 1999, pp. 207-219. 

(21) The experimental curves shown m the Figures 2.6, 2.7, and 3.6 were suppUed to 
the author by N. Faleev. 

(22) A. T. Macrander, S. Lau, K. Strege, and N. G. Chu, "Nondestmctive 
measurement of layer thicknesses in double heterostmcmres by x-ray 
diffraction," Appl Phvs. Lett. 52. 1988, pp. 1985-1986. 

(23) Matthew A. Marcus, "Simplified analysis of some complex film stacks in x-ray 
reflectivity," Appl Phvs. Lett. 72. 1998, pp. 659-661. 

(24) A. Ulyanenkov, K. Omote, J. Harada, "The genetic algorithm: refinement of 
x-ray reflectivity data from multilayers and fihns," Phvsica B 283. 2000, pp. 237-
241. 

(25) A Stierie A Abromeit, N. Metoki, and H. Zabel, "High resolution x-ray 
characterization of Co fihns on AI2O3," J. Appl. Phys. 73, 1998, pp. 4808-4814. 

(26) O Kubaschewski, and B. E. Hopkins, Oxidation of metals and aUoys. second 
edition, Butterwoths, London, 1962. 

69 


