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Abstract. "lie intensity of B&g reflections depends swngly ori the angle of incidence, if 
a highly collimated beam OF x-rays is impinging at grazing incideke on a fhin ( Z M O O  A) 
polycrystalline antimony layer. In ule ose of asymmetric grazing incidence ditlisction (MID) 
the angle of incidence is small. as the exit angle must be large and n+ly twice the Bragg angle. 
ihe experimental data are analysed on the basis of the distoed wave tam approximation 
(DWI~), which yields the thickness d and the optid conslants 6 and B of the layer. These 
parameters ~. we Compared with those determined from total extemal dect ion data 

~. 

1. Introduction 

Grazing incidence diffraction (Gb)  Ghniques have been widely employed to study near 
surface propedes of crystals and liquids (see, e.g., [l-51). There have been extensive 
effolts to calculate the measured Bragg intensities frdm single c j s t a l s  (a summary is'given 
by Dosch in [61), which represent the case of coheient scattering. incoherent scattering also 
has been studied, with the example of thermal diffuse scattering [7]. A question exists as 
to whether GUD is a competitive surface sensitive technique for the study of $olycrystalline 
films (of thicknesses of several hundred &moms). We have attempted,such experiments 
in an asymmetric set-up with the incomhg beam at a small &gle ai that is of the order 
of the critical angle a, (in an extended range up to lo'), and h e  scattered beam at lafge 
angles cur, of the order of 2 0 ~  (OB is the Bragg angle). This geometry (asymmetric 
grazing incidence diffraction, AGID) is considered in Vineyard's theoretical approach 181. 
which provides an analysis of the scattered intensity in terms of the so called d i s toM 
wave bom approximation (DNA). As it turns out, die analysis requires a reasonably g o d  
undqxtanding of the texture of the sample. Therefore the grazing incidence experiments 
have been complementid by a (partial) determindon of the texture. 

In a previous work Huang analysed the structure and depth profiles of ultrathin Fez03 
films [91. fi contrast to this publicatidn. the piesent work concentrates on the explanation 
of the diffrated intensity in terms of the DWBA, with less emphasis on the specific example. 

The calculation of the diffuse scattering from rough surfaces in the range of total extemal 
reflection (cfi N a, and cff Y cfc) is another well known application of the DWBA [1&13], 
but it is not the subject of this paper. 

1 Resent address: RisB National Laboratory. DK-4000 Rnskilde, Lhmrk.  
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2. Samples 

The Sb films were prepared by evaporation from a Knudsen cell onto either Si(l11) or 
cleaved GaAs( 110) substrates in an ultrahigh-vacuum (UHV) chamber (base pressure 4 lo-' 
Pa). Before evaporating, the Si(ll1) substrate was cleaned with acetone and heated within 
the UHV chamber for 45 min at a temperature of 1070 K. The thicknesses of the layers have 
been determined approximately by the frequency shift of a quartz thickness monitor (see 
table 1.). This method is rather inaccurate, since the sticking coefficients of GaAs and the 
oscillating crystal are quite different The x-ray measurements were not performed under 
vacuum conditions. 

Table 1. Sample prepadon: the thicknesses are determined by a q u e  thickness monifor. 

Sample Deposition time m&ness 
hid CA, 

SbISi 10 250 
SbIGaAs 25 . 270 

The Sh layers are polycrystalline, but may have a pronounced texture. The crystal 
smcture of Sb is rhombohedral with the space group E m  and the hexagonal lattice 
constants are U = 4.307 8, and c = 11.273 8, [14]. 

A texture modifies the dependence of the intensity on the angle of incidence. Therefore 
it has to be checked whether the crystallites are randomIy oriented. Random orientation 
only was found for the Sb/Si sample. Sb/GaAs, however, has a [O 1 201 fiber texture 1151, 
i.e. the [0 1 201 direction of each crystallite is normal to the surface of the substrate. We 
were unable to take complete pole figures, because the geometry of the instrument restricts 
the accessible part of the reciprocal space. To determine the position of the 006 reflection, 
extended scans with four different sample orientations were performed. In all cases an angle 
of 8" was measured between the surface normal and the positions of the 006 reflection. We 
attempted to compensate the geometrical restrictions by investigating the positions of other 
reflections (012, 104,015,107, 116,018,009 and 119). All results agree with the model of 
a [0 1 201 fiber texture. The cylindrical symmetry (fiber texture) has no simple explanation, 
e.g. by a miscut of the substrate, and a complete interpretation is still missing. 

3. Experimental set-up 

The x-ray source is a 12 kW x-ray generator with a rotating copper anode. The Cu Ka 
line is extracted by use of Bragg reflection from a flat Gc(111) crystal as monochromator. 
Slits of dimension 2x0.3 mmz in front of and 1 0 ~ 0 . 2  mm2 behind the monochromator 
limit the divergence of the beam so that only the Kor, part of the Cu radiation with a 
wavelength of A = 1.54056 8, reaches the sample, which was mounted on a two-circle 
goniometer (the incident angle ai and the scattering angle orf can he varied, see figure 1). 
The scattered intensity is detected with a linear position sensitive detector (PsD), which uses 
argodmethane as a counter gas. It has a spatial resolution of about 35 pm. At a distance 
of 30 cm from the sample the PSD accepts the scattered radiation within an angular range 
of I". 
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x-ray tube 
A =1.54056h 

position 

delecLar 

Fwre 1. Schematic gwrnew of an AGD experiment 

4. Theory 

The theoretical description is based on the DWBA, as treated by Vineyard 181. The DWBA 
consists of two steps. 

The basic idea of CID is that the penetration depth of the electric field in the region of 
total external reflection is only about 50 A. In this region multiple scattering dominates. 
Hence for the interpretation a dynamical treatment as thefist step of the DWBA is needed. 
The calculation of the distorted wave inside the layer is carried out exactly for the 
approximation of a homogeneous dielectric medium that can be described by the refractive 
index n' = 1 - S - is. 

The second step of the DWBA includes the scattering from the periodic atomic structure 
of the layer and can be performed within a kinematical approach. In the foliowing section 
both steps of the DWBA are outlined. An extensive summary of the use of the DWBA is 
given by Dosch [6]. 

4.1. Dynamical calculation of the distorted wave 

A plane, linearly polarized electromagnetic wave E = E exp[i(k . T - wt)] impinges on 
the smooth surface of the sample (see figure 2). k denotes the incident wavevector with 
llol = k = &/A. The change of the refractive index at the surface causes a refracted 
wave E' with the wavevector k' and the amplitude E' (primes denote quantities withii the 
film). 0; denotes the angle of refraction. By using Maxwell's equations and the boundary 
conditions at z = 0, the wavevector k' and the electric field E' within the sample can be 
calculated [8] (see also figure 2): 
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E .  (2) 
21k:l/(n'% + 1x1) 0 0 

E ' = (  0 2kz/(kz + PiI) 0 
0 0 2&l(nakZ + KI) 

The components of equation (2). when expressed in more elementary terms for the cases 
of parallel and perpendicular polarization, are also known as Fresnel's equations. Using 
equation (2), the transmission coefficient lElz = IE'I2/IEl2 for an unpolarized beam 
impinging on a smooth surface is given by (see also figure 2) 

Figure 2. Refraction of a plane wave k and Scattering of the distorted wave k' by the volume 
element d V  at the air/larer interface (z = 0). k denotes the scattered wavevector. The angles 
el and e: are m y  exaggemted. 

4.2. Kinematical treatment of the scattering process 

In the second step of the DWBA the distorted wave is considered to illuminate the scatterer. 
The kinematical approach is equivalent to a Born approximation with the distorted wave 
taken as the incident wave. 

The neglect of multiple scattering is justified because the scattered wave amplitude 
Er is small compared with the amplitude E' of the distorted wave (&/E' 10-2-10-3). 
The index f denotes quantities after the scattering process. 

The reflection at the layer/substrate. interface can be neglected, too, because the critical 
angle of total external reflection of Sb is larger than the critical angle of the substrate. Hence 
there is little reflection at this interface. 

Finally, the refraction and reflection of the scattered wave at the layer/air interface can 
be neglected, because the exit angle is very large (i.e. crf = 20"-40"). Therefore IT# Y 1 
can be taken. On the other hand refraction wrrections are of importance if crf is in the 
range of a, [7]. 
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The basic equation in Vineyard‘s paper for the calculation of the scatter$ wave at a 

(4) 

Here s is the unit vector in the direction of the scattered beam, r, is the position ana 
f,,(Q) the structure factor of the nth atom. Q = #+-IC’ denotes the scattering vector inside 
the layer. The summation in equation (4) must be performed over all atoms ’of the film. 
Then the electric field &el of a single electron excited by the distomed wave (in cgs units) is 

distance point R a is (see figure 2) [8] 

~r = %I C MO) exp(--i Q - b.). 
n 

&I = ( eZ /mcZR)  exp(-iot)E; (5) 

where E; denotes the part of E’ lying in the plane perpendicular to ICf. 
Calculating the Poynting vector yields the intensity at R s which is If.= (c/8n)l&IZ. 

Unfortunately 1, is very difficult to obtain in the experiment because an extremely high 
resolution is required. We now turn to a more useful quantity, the integrated intensity P, 
obtained by ‘integrating If over the area of the illuminated volume, properly accounting 
for the number of crystallites~fulfilling the Bragg condition [16]. For each reflection the 
integrated intensity is proportional to l ~ ’ 1 2  (i.e. to the intensity that excites the scattering 
electrons) and also to the scattering volume element dV 

P m’  I&’12dV. (6) 
!. 

This is not correct for crystallites having a diameter comparable to the scattering depth, 
because the damping of the.electric field within the crystallite has to be taken into account. 
Hence we have a certain phase relation between the waves scattered by two different 
electrons. Accordingly, for the calculation of the intensity scattered by one crystallite 
we have to proceed in the following manner: first the waves scattered by all electrons in a 
crystallite have to be summed up and then the square. of the electric field must be taken. This 
can be carried out exactly and leads to the same expression (6) for the integrated intensity. 
Therefor+ both cases, the intensity from different crystallites and the superposition of waves 
scattered from elecsons of the same crystallite, can be described by equation (6). 

The integration in equation (6) must be performed over the whole scattering volume 
V = A d .  Here A is the illuminated surface area of the sample and d is the thickness of 
the Sb layer. Other quantities influencing P are of no interest, since they do not depend 
on the angle of inciknce ai. Defining the scattering depth 1 (Im(ki) denotes the imaginary 
part of the complex quantity k:) 

~ 

~ 

~ 

~ 

~ ~ 

1 := (1  - exp[2dIm(k~)]}/[-21m(k~)] (7) 

we find, after canying out the integration in equation (6) and dividing by the incident 
intensity 

Pnom A ITilZl (8) 

for the normalized integrated intensity of a reflection h kl. With the definition of I given 
in equation (7) the area beneath the curve l€’(z)lZ can.be represented by a box of height 
1E’12 = I€’(z =0)1* and length 1: 

- ’  
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The slight difference between equation (7) and Vineyard‘s corresponding definition for a 
semi-infinite medium disappears in the limit of d + 00. 

The dependence of the illuminated area A on ai is a purely geometrical effect, because 
only for small angles the x-ray beam suikes the whole sample. For larger incident angles, 
A becomes smaller and we have is the height of the sample and &,, the width of 
the x-ray beam at the sample position) A = hsample&/ sin ai. 

Below, we show that equation (8) describes the measurements satisfactorily. 

5. Measurements and discussion 

The 012, 104 and 003 reflections of Sb belong to those with the highest intensities. 
The respective intensities of the 104 and 003 reflection are 70% and 25%, compared to 
the intensity of the 012 reRection [14]. For the sample Sb/Si(lll) the intensity of the 
012 and 104 reflection was investigated For the other sample, Sb/GaAs(llO), only the 
(003) reflection was observable at grazing incidence because of a strong texture of the Sb 
crystallites. 

The angular position of the PSD was chosen to be twice the Bragg angle of the reflection 
hki. Then the sample was rotated from a, = 0.1” up to a, = IO”, with a counting time 
of 1 h for each angle a,. The PSD recorded the diffracted intensity within a range of 7” in 
the scattering plane. In the perpendicular direction the PSD was wide open and collects a 
constant fraction of the intensity of the diffraction cone that corresponds to the hki reflection 
of the powder. The integrated intensity P can be obtained after subtracting the background 
and integrating over the af range of the reflection. P as a function of the incident angle a, 
is represented on a double logarithmic scale in order to emphasize the most interesting part 
of the curve (i.e. small a, values). 

500 - 
vi .. 
C 
2 

100 n 
2 50 
L 

c. 

10 
0 1  a c  1 10 

a ,  (de@;) 

Figure 3. The experimental results for two different refldons 012 and 1M of the sample 
SWSi(ll1) are compared with the calculation (solid curves) according to equation (8). The 
diffezent ranges of L e  curves (I-III(b)) are mplsined in the text 

Three different ranges of the c w e  can be easily distinguished (see figure 3). 

(I) The first section 0 < ai y_ ac is dominated by the increase of both the scattering depth 
I and the transmission coefficient ITjI2 (see figure 4). The maximum of the transmission 
function ITiI2 at a, E ac is not very pronounced. 
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4 

p 10’; I 

Figure 4. (a) The scattering depth I compared with the ihickness of the layer d and (b) the 
Fresnel bansmissivity IT,12 = 1E‘I2/\El2 both as a function of the angle of incidence a: for a 
transparent medium and for lk real system Sb/Si(lll) with d = 232& ac = 0.233’ == a, ~ ~ 

and 0 = 11.2. IO” (see table 2). 

Table 2. Results of the least-squares fils for the data of both samples. d is the thickness. S and 
0 the optical ~nstanls  of the Sb layer. 

Sbrji SblGaAs 

012 I04 003 

d (4 232 f 18 229 f 30 524 * 65 
8 10’ 11.2 f 1.0 9.2 f 1.7 19.7 f 1.5 
6 x 106 8.3 f 0.3 8.6 k 0.5 16.9 f 0.6 
dr (mm) 0.040 f 0.004 0.049 f 0.W5 0.027 * 0.W5 

(Ii) For angles 0 1 ~  z uC, but not too large, the electric field already decreases, whereas 
the scattering depth still increases and the intensity does not vary very much. 

(EI) Above a certain angle the x-ray beam no longer illuminates the whole sample. 
The reduction of A is propoaional to I/sina,. Due to the logarithmic scale we have an 
approximately linear relation, that is logA 2: - logs,+ constant. 

The particular shape of the curve in figure 3 is reproduced perfectly well by equation (8). 
From fits to each curve we obtain the thickness d and the optical constants B = p/2k and 
8 = 1 - cos(or,) of the antimony film @ denotes the linear absorption coefficient of the 
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film). The fit results are listed in table 2. 
Other parameters which were used in the fit procedure are of minor physical interest 

(i) the width of the sample (bsmp,e 10 mm), (ii) the width of the beam (&am N 0.25 mm) 
and (iii) the displacement dr (see below and table 2). As lhe width of the second slit is 
0.2 mm, the fitted value of &am seems to be reasonable. 

The agreement between measured and calculated intensities can be improved by 
introducing a displacement dr, which describes an eventual displacement of the sample 
from the middle of the beam. This introduces an asymmetry, considering the illuminated 
part of the sample surface (in particular see figure 3, ranges m(a) and Iu@)). 

I 100 

I 0.1 I 10 

Figure 5. The integrated intensity P(ai) is calculated for various values of d and for fixed 
p = 11.2 x 10-7. 

The influence of the parameter d on the calculated intensity in equation (8) is 
demonstrated in figure 5. Increasing p (i.e. increasing absorption) of the film leads to 
a reduced size of the peak in Ti. 

Table 3. A comparison of the data obtained by total external reflection meaSUremenLs of ihe 
specular beam and AGID. d is the thickness of ihe layer and 8 the optical eonsfant associated 
with the real pari of the refractive index n' = 1 - 6 -is. 

SbBi SblGaAs 

d (A) 6 x  IOs d (A) s x 106 

Total reflection 245 14 8.0 k0.6 563 * I  18.4zt0.2 
ACID 231f24 8.550.4 524f65 16.9f0.6 

The parameters d and 6 are also accessible by total external reflection measurements 
(see tabk 3). 

The thicknesses determined by the reflectivity in the range of total external reflection 
are close to those measured by AGID. On the other hand, the thickness of the Sb layer on 
GaAs measured by x-rays in this work is more. than twice the value determined by the 
quartz thickness monitor (see table 1). This is surprising as the sticking coefficient of a 
cleaved GaAs(l10) surface should be much lower than that of the monitor. An explanation 
for this fact is still missing here, however. 
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6. Conclusion 

A rather precise interpretation, based on the DWBA of the intensity profile of AGID 
measurements as a function of a, has been generated. 

Concerning the particular substances investigated in this work there is a marked 
difference between Sb on Si(1ll) and on GaAs(ll0). In the case of Sb on GaAs(ll0) 
there is a pronounced texture. The density, which is associated with the optical constant 
8, is close to that of bulk Sb. Sb on Si(ll1) on the other hand has no measurable texture. 
The lack of a well defined modulation in the reflectivity curves can be explained by an 
inhomogeneous layer. More specifically, the reduced density of the film only 50% of the 
bulk value (see table 3), signals an island formation. In this context it appears surprising, 
that the peak close to ac in the AGlD measurements is more pronounced for Sb on Si( 11 l), 
which seems to have the less well defmed surface. One possible explanation is that the 
thickness of the Sb layer on GaAs is more than twice of the film thickness on the Si 
substrate. Therefore the increased scattering depth yields a higher integrated intensity in 
the case of Sb/GaAs (especially in the ranges II and ID of figure 3, where a, z a,; see 
also figure 5). Another possible explanation is given by the increase of the transmission 
T, with increasing roughness of the surface as proposed by Weber and Lengeler [13]: the 
transmission coefficient Ti' of a rough surface with roughness U (U denotes the root mean 
quare roughness of a Gaussian random height distribution) is 117.131 

For the shape of P(aJ calculated following equation (8). two extreme cases can be 
distinguished. If the film is very thin, P (a,) is determined hy T,(a,). On the other hand, for 
thick films the factor l(a,) dominates. This is demonstrated in figure 8 of the publication 
by Hung [SI. This figure shows the integrated intensities of the reflections of a 90 A thii 
a-FezO:, layer on top of a very thick (several pm) layer of y - F ~ 0 3  up to ai = 0.7". The 
integrated intensities for our sample Sb on Si( 11 1) with l(a, = ac) /d  IT 0.5 (figure 4(a)) 
show the influence of both components within a range of uI up to 10". 
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