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Abstract 

X-ray reflectometry makes it possible to determine optical constants of materials in the corresponding 
range of wavelengths and the thickness of thin films on the basis of measurements of reflection coefficients 
in relation to the grazing angle. New reflectometry methods based on measurements of either the derivatives 
with respect to the grazing angle or the ratios of reflection coefficients for two characteristic wavelengths 
are suggested. Calculations and measurements indicate that the method suggested makes it possible to 
enhance the sensitivity of reflectometry and the accuracy of measuring the optical constants. Practical 
implementation of the method is based on an unconventional system of selecting monochromatic beams 
with the use of semitransparent crystals. The results of reflectometry studies of GaAs single crystals and 
a Gao.25Si0.75-Si multilayer structure on a Si substrate are reported. 

1. I n t r o d u c t i o n  

Beginning in the 1950s, x-ray reflectometry (i.e., s tudy of the dependence of the reflectivity of x-ray 
radiation on the grazing angle) has come to be regarded as an efficient and universal me thod  for determining 
the x-ray optical constants, density, and other material 's  parameters in thin films and bulk solids [1-4]. It is 
noteworthy that  at that  t ime the methods  of surface t rea tment  and coating did not ensure the surface flatness 
and roughness parameters  required for x-ray reflectometry, which resulted in marked discrepancies between 
the experimental and theoretical data.  In order to alleviate these discrepancies, complex speculative models 
of the transition surface layer have been developed. At present, the technological problems are largely solved. 
In particular, in large-scale product ion of semiconductor wafers it is possible to a t ta in  an r.m.s deviation of 
the relief from planarity of 0.3-0.4 nm; with special methods of t reatment ,  this deviation can be reduced to 
0.1-0.2 nm. Even smoother  substrates are often used for fabrication of reflective elements in x-ray optical 
systems. 

With the aforementioned parameters  of roughness, the use of the Fresnel formulas becomes justified and, 
basically, ensures the possibility of determining the characteristics of the medium and the near-surface layer. 

The current progress in the field of reflectometry, especially as applied to ul t ra thin nanodimensional  films, 
can be inferred from [5, 7]. 

However, two types of problems that  are becoming increasingly more urgent motivate us to turn  our 
attention again to the analysis of the ult imate potentialities of x-ray reflectometry as a method  for studying 
materials in the form of solid thin films and bulk solids. First,  we have in mind the extension of multilayer 
optical methods to the short-wavelength region. Let us consider, for example, the problem of developing x-ray 
optical systems with submicron resolution. The most impor tant  applications correspond to the wavelength 
range of )~ < 45 ~.  At the same time, the reflectivity of multilayer mirrors in this region at normal  incidence 
is 15 % (the highest ever value reported in [8] ). At present, this is an outstanding result; however, it is 2-3 
times smaller than the theoretical limit. 
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Apparently, in order to attain this limit, one has to study the processes of layer formation in muItilayer 
coatings. Furthermore, we are dealing here with layer thicknesses _< ~/4, i.e., in this case, we are concerned 
with the study of films with a thickness of about 11/~. 

The other type of problem is related to the physics and technology of ultrashort laser pulses with pi- 
cosecond and femtosecond durations. When this pulsed radiation is focused onto the solid surface, it gives 
rise to x-ray pulses of identically short duration. By optimizing the experiment's geometry and by using two 
consecutive laser pulses, the first of which generates a pre-plasma and the second (of higher intensity) of 
which accelerates electrons, one can realize the situation where the major  fraction of radiation is confined in 
characteristic x-ray lines with energies of 10 keV and higher [9]. Thus, we can state that  there is an entirely 
new source of radiation in the wavelength range widely used for structural studies. Radical dissimilarities 
of this source from, for example, x-ray tubes consist of short-pulse duration (~ 10 -15 -10  -14 s), extremely 
high intensity of radiation, and fairly small size of the emitting region (--~ 10-3-10 -4 cm). At the same time, 
in contrast to a synchrotron, the new source (at least, in outlook) a compact laboratory unit and does not 
require a vacuum. Obviously, these sources will make it possible to perform structural studies at a completely 
new level of temporal and spatial resolutions. However, implementation of the merits of these sources will 
depend to a large extent on the sensitivity of the x-ray optical systems used. 

In connection with the above, we consider here certain new methods of measurement and processing of 
results that  will make it possible to enhance the accuracy, reliability, and sensitivity of x-ray reflectometry 
when being applied to bulk solids and solid thin films. 

2. S ing le -Wave length  M e t h o d .  Direct  and Differential  M e a s u r e m e n t s  

2.1.  D i r e c t  M e a s u r e m e n t s  

For completeness of the presentation, we first provide certain information on the conventional x-ray 
reflectometry [10]. Experimental determination of materials' optical properties in the x-ray region of the 
spectrum is based on measurements of the angular dependence of the reflection coefficient; this dependence, 
in view of the Fresnel formulas, can be given by 

, z = sinO, z = e -  1 = - J  + / / 3 ,  ( 1 )  R=lrl r=vz +z+z 

where 0 is the grazing angle and e = 1 - ~ + i/3 is the dielectric constant of the material. Formula (1) is 
valid, in the strict sense, for s-polarization; however, in the x-ray region of the spectrum it also holds for 
p-polarization owing to the fact that  the grazing angle is small. 

Determination of ~ and/3 is performed by fitting the two parameters in accordance with formula (1) in 
the experimental reflection-coefficient dependence R(6). Figure 1 shows the dependences R(0) for a number 
of materials of interest for the physics of semiconductors and for short-wavelength x-ray optics. 

If a film has been deposited onto a substrate with known optical constants ~ and/3, the thickness d and 
the optical constants J1 and/31 of the film can also be determined by measuring the reflection coefficient of 
the film-substrate system and comparing the result with the corresponding theoretical formula. Should the 
need arise, the fitting is performed for all three parameters d, J, and/3 [5, 6]. Figures 2-4 show the families of 
curves describing the angular dependence of the reflection coefficient for the following film-substrate systems: 

- -  Ni on Si single crystal (Fig. 2), 
- -  GeO on Ge single crystal (Fig. 3), 
- -  SiO2 on Si single crystal (Fig. 4). 
It is evident, in particular, that an appreciable sensitivity of the reflection coefficient to the film's thickness 

for various materials begins with thicknesses of about 10-30/~ or more. 
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Fig. 1. Examples of the Fresnel reflection coefficients for several materials. The calculations were performed for 
wavelengths of 1.54 A (curve 1, the characteristic copper line CuK~) and 1.39 A (curve 2, the characteristic line CuK~). 

2.2. D i f f e r e n t i a l  M e t h o d  

We now consider the reflection-coefficient derivative with respect to the grazing angle. 
arrive at 1 

1 dR _ l d r _ _  1dr*___ 2,r.2{ 1 1 } 
Rd(sin0)  r d z  + r *  dx ~ + ~  ' z = s i n 0 .  

We use (1) to 

We introduce the dimensionless angle as 

z 2 - 6  6 1 - 6  
t = - - ;  < t  < 

We may then verify that  formula (2) for the derivative can be written as 

1 dR 2 
R dz - x/~ ftt)" ~ 

1 1 ~ 2 t  + v/{~+ 1 
f ( t ) -  t x / ~  + ~ -  t 2 + 1  

1For detailed analysis of the Fresnel formulas, see [11]. 

(2) 

(3) 

(4) 

(5) 
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Fig. 2. Examples of the Fresnel reflection coefficients for Ni films on Si monocrystal. The numbers at the curves 
correspond to the films' thicknesses in/~. 
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Fig. 4. Examples of the Fresnel reflection coefficients for SiO2 films on Si. The number at the curve corresponds to 
the film's thickness in/~. 
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Fig. 5. A plot of the universal function ](t) [see formula (5) ]. 

It follows from formulas (4) and (5) that the logarithmic derivative of the reflection coefficient 1 dR is a 
universal function of the variable t [see (3) ], i.e., this derivative is the same for all materials. A plot of the 

, 

funct ion/ ( t )  is shown in Fig. 5. For to = 1/V~ -~ 0.58, this function has a max imum/0  = / = 33/4 ~- 
2.28. 

Obviously, in view of such a universality, it is more convenient to use the derivative I dR (rather than the 
reflection coefficient R) in determining the optical constants A and/3 of the material. We now dwell briefly 
on the properties following from formulas (4) and (5). 

We note first of all that the existence of a maximum of the function f( t)  makes it possible to introduce 
a simple test for the existence of the phenomenon of total external reflection in absorbing materials and to 
provide a clear definition of the critical angle. 

In fact, it is reasonable to assume that, in t h e  material under consideration, we have the effect of total 
1 dR  external reflection of x-rays if there is a maximum in the angular dependence of ~ d--(~" The grazing angle 

corresponding to the maximum of this dependence may be naturally identified with the critical angle of total 
external reflection. Thus, in accordance with (3) and Fig. 4, the total external reflection is realized if 

_• Im6 
- ~ < < 1 - ~ or [ R e E -  1] < - ~ -  < R e e .  (6) 

In this case, the critical angle is given by 

s in  2 00 --  (i + (7)  

In the absence of absorption (i.e., for fl = 0), formulas (6) and (7) are transformed into the known conditions 
for the total external reflection for nonabsorbing materials [12] 

sin 2 00 = ~, 

with 0 < 5 < 1. 

We note next that determination of optical constants is greatly simplified if the experimental dependence 
1 dR  of X ~ on 0 is known. In fact, let the maximum of the logarithmic derivative 

A m = m a x [  1 dR ] 
R d(s-~nO)J 
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Fig. 6. Examples of derivatives of the Fresnel reflection coefficients for several materials. 
performed for wavelengths of 1.54/~ (curves 1) and 1.39 ./k (curve 2). 

The calculations were 

be at tained for 0 = 0m. In accordance with formula (4) and Fig. 4, the quantit ies ~ and fl are expressed in 
terms of Am and 0m as 

- 

A ~ '  
12 

6 = sin 2 0 m - f l t 0 = s i n  2 0 , . -  A~" 

( s )  

The matching procedure mentioned in Sec. 2.1 is not  needed here at all. Figure 6 shows the logarithmic 
derivatives of the reflection coefficients for various materials. In contrast  to the reflection coefficients (cf. 
Fig. 1), the quanti ty ~d(d~O) is heavily dependent  on the angle. Therefore, this dependence can be used not 
only to determine the material 's  optical constants, but also to analyze thin films and to s tudy the structure 
of near-surface layers. 

Figures 7-9 show the logarithmic derivatives of reflection coefficients for f i lm-substrate  systems identical 
to those in Figs. 2-4. The comparison of Figs. 2-4 and Figs. 7-9 makes it possible to draw the following 
conclusions: 
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(i) The greater the difference in optical constants of the corresponding materials, the higher the sensitivity 
of the reflectometry data  to the presence of a film on the substrate; 

(ii) Measurement of the logarithmic derivative R1 d(sin--i-~dR (rather than the reflection coefficient itself) en- 
hances the sensitivity of reflectometry in almost all cases; 

(iii) The minimal film thickness that  can be detected and measured is approximately 5-10/~ for Ni on Si, 
20-30/~ for GeO on Ge, and 80-100/t~ for SiO2 on Si. 

3. T w o - W a v e l e n g t h  M e t h o d  

3.1.  L a r g e  D i f f e r e n c e  in  W a v e l e n g t h s  

We now consider another possibility of acquiring data  on the properties of solids and solid thin films. The 
case in point is a measurement of the ratio of reflection coefficients for two wavelengths, i.e., 

A ( z ) =  R(A) R(z ,z)  
- R( ,Zl) ' (9) 

where z and Zl are the values of optical constants for the wavelengths A and A1 [see (1) ]. Such measurements 
were first performed in [13] at the wavelengths of CuK~ and CuKB x-ray lines. The corresponding angular 
dependences A(z) for various materials have a quite specific form (see Fig. 10), which could also be expected 
from Fig. 1. The ratio A(z), as well as the logarithmic derivative ~ d ~  (see Sec. 2.2), features a rather 
sharp peak in the vicinity of the critical angle. As a result, the sensitivity" to the appearance of thin films at 
the sample's surface increases. 

The results of calculations of the ratio A(z) [see (9) ] for the CuKa and CuKB lines of the materials of 
interest with thin films are shown in Figs. 11 and 12. It is evident that, as in the case of the derivative 1 dR R d(sin e) 
(see Figs. 7-9), the parameters of the films with thickness larger than 10 .~ can be measured. This method 
is especially convenient if the step in absorption of the material under study is located between the lines A 
and A1 (for example, as in the case of Ni for the lines of CuKa and CuK~). The results of measurements 
for this case are discussed in See. 4. It is worth noting here that  in the case of SiO2 film on Si, which is 
comparatively unfavorable for the reflectometry based on the measurements of R(0) and 1 dR (see Sec. 2), R d(sin 8) 
the measurement of the ratio R(A)/R(A1) makes it possible to enhance the sensitivity of the method, so that 
it becomes possible to deal with films 50-60 ~ thick. 

3 .2.  C l o s e l y  S p a c e d  W a v e l e n g t h s  

If the wavelengths used in the measurements of the ratio A(z) of reflection coefficients differ little, the 
optical constants are also little different. In this case, using the expansion 

z" OR, RC ,zl)  R( ,z)+Czl- 

we can conveniently express the ratio A(x) as 

= 1 -  2 Re (zl z) Oz 

In deriving (10), it was taken into account that 

OR 
Oz 

[ Zl-_Z ] 
= 1 - 2z R e / z ~ J  

~R 

z v ~  + z 

z = sin t?. (10) 
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Fig. 8. Examples of derivatives of the Fresnel reflection coefficients for GeO films on Ge monocrystal. The numbers 
at the curves correspond to the films' thicknesses in/~. 
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Examples of the reflection-coefficient ratios for wavelengths of A = 1.54 It and A1 = 1.39 /~ for several 

In t roduc ing  (as in Sec. 2.2) the  var iable  t = =2_~ ins tead  of  the  angle 0, we arr ive a t  t3 

. 
A(z)  = 1 -  2 ~ R e  z " (11) 

Insert ing then 

in (11), we finally ob t a in  

d~ .dE] 
zl - z ~ (al - a) - ~  + , ~  

A(z)  = 1 - -  (A1 - A)r  r  = 2 R e  + ' ~  1 
' + i ~  t , / F ~  

(12) 
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Fig. 11. Examples of the reflection-coefficient ratios for A1 = 1.39 A and A = 1.54 /~ for two combinations of 
film-substrate. The numbers correspond to the film's thickness in A. 
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Fig. 12. Examples of the reflection-coefficient ratios for A1 = 1.39/~ and A = 1.54 A for SiO2 films on Si. The numbers 
correspond to the film's thickness in A. 

Similarly to the function f(t) in Sec. 2.2, the function r features a peak in the vicinity of the critical angle. 
The  position of this max imum is given by 

d5 d/3 ) 2/3 

~-~ + i~-~ 5 - i/3 (13) 
t 0 = i l  1 + y Y =  d5 .dfl x - y '  5 

dA z-~ 
The width of the peak is approximately defined as 

A0 

oo 

From the measurement  of the ratio of reflection coefficients for closely spaced wavelengths it is basi- 
cally possible to determine the derivatives of the optical constants 5 and fl with respect to wavelengths or 
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Fig. 13. Schematic diagram of an x-ray reflectometer: 1) x-ray tube; 2) collimator; 3) sample holder; 4) sample; 
5) device for the shield translation; 6) absorbing shield; 7) semitransparent monochromator made of pyrolytic graphite; 
8) accessory monochromator; 9), 10), and 11) slits; 12) and 13) detectors; 14) rotating table of the goniometer; 15) ro- 
tating arm. 

frequencies. 

4. Exper imenta l  Setup and the Resul ts  of  Measurements  

In order to implement the method  of measurements  outlined above, we used a two-wavelength x-ray 
reflectometer, first described in [13]. The general layout of the x-ray optical system of this reflectometer 
is shown in Fig. 13. The reflectometer is equipped with a high-voltage generator and a goniometer from a 
DRON-3M x-ray diffractometer. As a radiation source, a BSV-22 x-ray tube with Cu cathode was used. The 
size of the apparent projection of the x-ray focus was 8 • 0.04 mm.  A specially designed sample holder was 
mounted along the principal axis of the goniometer; this holder included a device for micrometric translation 
of a defining screen that  ensured adjustment  of the gap between the holder's end and the sample's  surface. 

The key element of the goniometer is a facility for split t ing the beam under analysis and selecting the 
spectral lines (see Figs. 14 and 15). Rotat ing heads 16 and 17 of monochromators  7 and 8 are mounted  in 
the holes of the support ing plate 18 that  can be moved in the plane normal to the beam in two mutual ly 
perpendicular directions. The rotat ion axes of two support ing guides 19 and 20 accommodat ing the scin- 
tillation detectors are aligned with the axes of heads 16 and 17. The first monochromator  encountered by 
the x-ray beam is a plate of pyrolytic graphite with an area of 6 • 15 m m  and a thickness of 46 #m. When 
the first monochromator  is rotated to the Bragg diffraction angle 0B ---- 13.2 ~ (the CuK~ line), the peak 
reflection coefficient of the plate for CuKa and the transmission coefficient for CuKt3 are equal to 22 % and 
85 %, respectively. The half-width of the rocking curve of the pyrolytic-graphite plate for a fixed position of 
the detector is 0.49 ~ . Special design features of the sample holder, the two-channel electron detection, and 
other elements of the system are described in more detail in [14]. 

It is noteworthy that  modern  technologies for the growth and t rea tment  of single crystals with the use 
of ion implantation make it possible to produce Si wafers with thickness < 5 #m. This would suffice to 
t ransmit  radiation with a wavelength of 0.1-0.15 nm through the crystal and select a narrow band in the 
diffraction spectrum. In this case, choosing narrow-bandpass Si monochromators,  we can tune each of them 
to the doublet of lines K~I and K~2, for which the difference in wavelengths does not exceed 0.5 %. This 
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Fig. 14. The scheme of splitting of the beam when it passes through semitransparent monochromators: 9), 10), and 
11) slits; 16) and 16) rotating heads; 7) and 8) monochromators; 18) supporting plate; 19) and 20) supporting guides 
for the detectors. 

Fig. 15. External view of an x-ray beam splitter with x-ray radiation detectors. 
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Fig. 16. Angular dependences of reflection coefficients for GaAs single crystal: 1) for the CuK~ line, 2) for the CuK~ 
line, and 3) ratio of reflection intensities for the CuKo and CuK~ lines. 

makes it possible to implement  the above-considered method for determining the derivatives of the reflection 
coefficient dR(O, A)/d)~ and the optical constants dh/d)~ and dfl/d)~ by measuring the ratio of the reflection 
coefficients for two wavelengths (see Sec. 3.2). 

The results given below were obtained when the first and second monochromators  were tuned to the lines 
CuK~ (0.154 nm) and CuK~ (0.139 nm), respectively. For the second monochromator ,  a pyrolytic-graphite 
plate was used; this plate const i tuted an accessory to a DRON-3M diffractometer, had the peak reflection 
coefficient Rp(CuK~) = 30 %, and was 1-mm thick. The use of two pyrolytic-graphite monochromators  makes 
it possible to vary the width of entrance slit 9, which, in turn,  allows one to adjust  the angle of collection 
during the detection of radiat ion reflected from the sample. 

Figure 16a shows the experimental and calculated angular dependences of the reflection coefficient R~(O) 
and RE(O) and the ratio R~(O)/R~(O) for an optically polished GaAs wafer. The absence of interference 
modulat ion in curves R ~ (O)/Rt~(O) indicates that  the oxide layer is not uniform in thickness and the transit ion 
of e(z) between the oxide and pure GaAs is diffuse. 

Figure 17 shows the angular dependences R ~ (0), RE(O), and R ~ (O)/R ~ (0) for a multilayer heterostructure 
fabricated by molecular-beam epitaxy on a Si single-crystalline substrate. For the sake of convenience of 
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Fig. 17. Angular dependences of specular reflection by Ge0.25Sio.7~-Si multilayer structure formed by molecular-beam 
epitaxy on Si substrate (the period d = 12 nm with ds~ = 8 nm): 1) for the CuKo line, 2) for the CuK~ line, and 
3) ratio of reflection intensities for the CuK~ and CuK~ lines (the ratio was normalized to unity for 0 ~ 0). 
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comparison, the dependences R ~ (0) and R E (0) are plotted using a scale factor of three. The heterostructure 
contains seven periods formed by alternating layers of GeO0.2sSiO0.rs and pure Si with thicknesses of 4 and 
8 nm, respectively; the uppermost layer is made of Si. As is evident from Fig. 17, the division of Ra(O) and 
qRE(O) drastically emphasizes any special features in the curves R~(O) and RE(O). Furthermore, we should 
stress that the rat io R~(O)~RE(O) (in contrast to the derivative dR(O)/d(0)) does not involve any errors related 
to instrumental fluctuations in the intensity of the incident x-ray beam because the ratio of the fluorescence 
yield for the CuKa and CuK E lines at the anode of the x-ray tube is almost independent of the oscillation of 
the current and high voltage. 

5. Conclusion 

In this paper, we suggested and tested new methods of x-ray reflectometry; these methods make it possible 
to enhance the sensitivity and reduce the time required for measuring the parameters of a homogeneous 
medium and the near-surface layer. These requirements are dictated by the modern level of development of 
x-ray optical systems and by the potentialities of x-ray sources. 

The methods suggested here can be used at the early stage of an experiment prior to film deposition on 
mirror polished substrates or prior to the growth of crystalline heterostructures. 

Weak perturbations of the angular dependence of the reflection coefficient can be conveniently studied by 
analyzing its derivative; however, this requires a high intensity of the x-ray beam (in order to suppress the 
noise interferences related to the derivative) and well-controlled conditions of measurements that  eliminate 
influence of instrumental factors. 

Analysis of perturbations in the angular dependence of the reflection coefficient on the basis of the ratio 
of the reflectivities for two close characteristic lines generated by the anode of the x-ray tube is the most 
efficient. 

Optimal conditions for implementation of the methods above-considered are ensured with the use of 
a two-wavelength x-ray reflectometer equipped with a semitransparent monochromator and suggested first 
in [13]. According to the measurements conducted in the relative mode, the two-wavelength scheme almost 
completely eliminates the influence of the drift of electrical parameters of the x-ray generator and uncontrolled 
variations in the geometry of the experiment. As a result, the thickness of the near-surface layer under study 
can be reduced to ,.~ 1 nm. 
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