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ABSTRACT 

The angular dlstrlbutlons of X-ray photoelectron peak intensity for (1) a semi-mfnute 
sample, (2) a substrate sample covered with a film, and (3) an overlayer sample are calcu- 
lated by the Monte-Carlo method The elastic as well as the melastlc scattering of elec- 
trons m a sohd 1s taken mto account In all cases the elastic scattering LS shown to have a 
slgmficant effect on both the absolute value of peak mtenslty and the angular dlstrlbutlon 
of photoelectrons The electron mean free paths without melastlc colhs~ons (x,) calcu- 
lated usmg formulas derived without taking account of elastic scattering are shown to 
differ slgnlflcantly from the real values Moreover, the A, values calculated m this way 
are not physical constants at all, but depend for example on the film thckness and the 
intervals of photoelectron take-off angles under conslderatlon The elastic scattermg 
effect IS shown capable of explauung some dlfflcultles which anse m the Interpretation 
of experimental data reported In the literature on the baser, of expressions derived taking 
Into account only the melastlc rnteractlons of photoelectrons with a sohd 

INTRODUCTION 

In an earlier study [2] we considered the effect of elastic scattering of 
photoelectrons passmg through a sohd on the angular distribution of X-ray 
photoelectron intensity for a semi-infinIte, flat, homogeneous sample The 
angular drstibutlons of photoelectrons were calculated by the Monte-Carlo 
method for some parameters of the elastic and inelastic mteractlons of 
electrons with a solid It has been shown that takmg account of elastic 
scattenng can sometimes result m significant variation of both the angular 

* For Part VI, see ref 1 



154 

dlstnbutlon and the absolute value of the photoelectron intensity compared 
to the values for photoemlsslon from the free atoms or molecules, which are 
often used now m the mterpretatlon of relative mtensltles m X-ray photo- 
electron spectra Inelastic interaction was mtroduced by McGuve [3--51 m 
consldermg data on electron-impact lomzatlon cross-sections of free atoms, 
while elastic mteractlon has been represented by the formula obtained using 
the first-order Born approxlmatlon within the scope of the Thomas-Fermi 
model [6,7] 

LJel = (84 8/E)24’3 (ii2) (1) 

where E(eV) IS the electron kinetic energy and 2 1s the atomic number of 
the scattenng element 

The followmg problems are considered m the present paper Firstly, the 
estlmatlons of the electron-atom elastic mteractlon cross-sections aven m 
our previous paper [2] are unproved, using the data of refs 8-11 Secondly, 
the results of Monte-Carlo calculations of the angular dlstnbutlons of photo- 
electrons escaping from flat substrate samples covered with films of various 
thicknesses are presented Neglect of elastic scattermg LS shown to lead to 
overestunated D/X, values (D bemg the film thickness, and A,., the electron 
mean free path mthout melastlc colhsrons) derived either from the changes 
m photoelectron intensity mth changes m D/X, or from the angular d&n- 
butlon of photoelectrons for fixed D/X, Thirdly, the same calculation 
method 1s used to obtam the angular dlstnbutlons of photoelectrons escap- 
mg from overlayer samples having various D/X, values Once agam, neglect 
of elastic scattering IS shown to lead to overestimated D/X, values calculated 
conventionally on the basis of photoelectron angular dlstrlbutlon data using 
formulas derived mthout takmg account of elastic scattermg The forms of 
the dependences obtamed allow explanation of some discrepancies which 
anse on mterpretatlon of the experimental data Note that m the dlscusslon 
given, the mam conclusions can be understood wWout followmg the det&s 
of the calculation procedure 

CALCULATIONS 

1 Elastic and rnelastrc mteracfons of electrons with a soled and the angular 
dtstrtbutron of photoelectrons escapmg from a flat, homogeneous sample 

In ref 8 the total cross-sectlons for scattermg of electrons by noble gases 
were evaluated over the energy range -20-2000 eV by the analysis of 
expenmental and theoretlcal total cross-sections for elastic scattermg, lomz- 
atlon and excltatlon In ref 9 the total (elastic plus melastlc) cross-sections 
were measured for 0 I-500-eV electrons scattered by mercury atoms 
Relymg upon these data, it may be concluded that satisfactory agreement 
with experunent can be achieved for the melast,lc interaction cross-section 
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o, by calculating the lomzatlon cross-section according to refs 3-5 (this 
gives the maJor contrlbutlon to the melastlc mteractlon of atoms with elec- 
trons having kinetic energy m excess of 200 eV) For the elastic interaction 
cross-section oel g ood agreement IS provided by calculations according to 
refs 10 and 11 We have compared (for V~IYOUS values of 2) the magmtudes 
of the elastic scattermg cross-sections eel calculated using eqn (1) m the 
ThomasFermi approxunatlon with those calculated using the expression 

Del = 27~ ;f(0)12smBdB (2) 

where the differential elastic scattering amphtude f(0) was taken from refs 
IO and 11 for O” < 8 < 158”, and assumed to be f(l58”) for 8 Z 158” The 
comparison reveals (see Table 1) that within the electron kmetlc energy range 
of interest m X-ray photoelectron spectroscopy, eqn (1) aves total elastic 
scattering cross-sections Gel of much greater magnitude than those calculated 
usmg eqn (2) with the data of refs 10 and 11 The difference increases 
with increasing atomic number 2 and with decreasing kinetic energy of the 
electrons It 1s unportant to note that, together with the magnitude of the 
total elastic scattenng cross-se&on, the anisotropy of the elastic scattering 
of photoelectrons on theur passage through a solid [2] 1s of great slgmflcance 
m determmmg the extent of the elastic scattering effect on relative mten- 
sltles m X-ray photoelectron spectra Within the same approxlmatlon used 
to denve eqn (I), the probability of elastic scattering of the electron by an 
atom at an angle 8 can be written [ 2, 71 as 

[fW12 = uel [A2(1 + A2 )/(A2 + sn&3/2)2 ] (3) 

where 

A = 1 37(2 1’3/E1’2) (4) 

E (eV) being the electron kmetlc energy, 2 the atomic number of the scatter- 
mg element, and A the parameter characterizing the extent of anlsotropy of 
the elastic scattermg of electrons We have calculated the mean scattermg 
angle (0 > on elastic colhslon for various values of 2 and E usmg the followmg 
expression 

(8) = (27mm 
I 
"e[f(e)psmede (5) 
0 

Using the data of rets 10 and 11 (see Table 1) and substltutmg eqn (3) mto 
(5) we have 

(8) = rnA2(dm -1) (4% 

or 

Now, on the basis of eqn (7) it 1s possible to relate the differential cross- 
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TABLE 1 

PARAMETERS OF ELASTIC AND INELASTIC INTERACTIONS OF ELECTRONS OF 
KINETIC ENERGY E WITH ATOMS 

E (ev) (k’ja (“) Ab AC Qeld (A2 1 uele (A2 1 %zf (A2 1 Ud/~” 

2 6 = 
100 49 
250 31 
500 22 

1000 17 

z= 18 
100 56 
250 42 
500 29 

1000 20 

z = 54 
100 60 
250 37 
500 28 

1000 24 

Z = 80 
100 35 
250 30 
500 40 

1000 39 

0 40 0 25 2 60 9 25 2 24 1 16 
0 21 0 16 1 50 3 70 1 19 1 26 
0 14 0 11 0 92 1 85 0 69 133 
0 11 0 08 0 59 0 92 0 40 1 48 

0 51 0 36 4 23 40 0 3 41 1 24 
0 32 0 23 2 75 160 2 51 11 
0 20 0 16 196 80 1 62 1 21 
0 13 0 11 1 33 40 095 14 

0 58 0 52 4 17 173 0 9 33 0 45 
0 27 0 33 4 85 69 2 5 44 09 
0 19 0 23 3 84 34 6 3 28 1 17 
0 16 0 16 2 88 17 3 185 1 56 

0 25 0 59 8 71 292 3 71 1 23 
0 20 0 37 5 74 116 9 42 1 37 
0 30 0 26 37 58 5 23 1 61 
0 29 0 19 26 29 2 17 1 53 

a Mean scattenng angle of electrons on elastm collmon, calculated usmg eqn (5) 
b Amsotropy parameter calculated for gwen (19) usmg eqn (7) 
c Anlsotropy parameter calculated using eqn (4) 
d Total elastic scattering cross-section calculated usmg eqn (2) with the data of refs 10 
and 11 
i Total elastic scattering cross-se&on calculated using eqn (1) 

Electron-impact lomzatlon crosssectlon taken for 2 = 6 from refs 3-5 and for 2 = 18, 
54 and 80 from ref 8 

sections for elastic icattermg, calculated m refs 10 and 11, to the amsotropy 
parameter A This allows us to use the calculation program of ref 2 and the 
results obtamed there for the X, Yo, Yl , and Y, functions (these functions 

were mtroduced m ref 2 to allow determmatlon of the angular d&rlbutlon 
of photoelectrons escapmg from a flat, homogeneous sample) The results of 
addltlonal Monte-Carlo calculations are present@ here for X, YO, YI , and Yz 
values obtained with the followmg parameters characterlzmg the electron- 
solid mteractlon elastic to melastlc cross-section ratio oel/un = 1 0 or 0 5, 
and A = 0 05, 0 15, 0 25 or 0 5 (see Table 2) A total of -lo5 traJectoxles 
were calculated, with a maxunum statlstrcal error of 6% at a confidence lunlt 
of 0 682 
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Fig 1 Angular dlstrlbutlons of photoelectron mtenslty I for a semi-mfmlte sample for 
fl= 2 and various values of the angle 8, between the dlrectlon of X-radlatlon and the 
dlrectlon of photoelectron escape 6, = 15O (I), 30° (II), 60° (III) and 90’ (IV), (-) elas- 
tic scattenng neglected, (----) both elastic and melastlc scattering considered, assuming 

at&J, =lOandA=O25 

The effect of elastic scattenng on the angular dlstnbutlon of photoelec- 
trons escapmg from a flat, homogeneous sample was considered m detd in 
our previous paper [2] It should be noted that the effects discussed there, 
relymg on elastic scattermg cross-section values obtamed usmg eqn (l), 
now seem not so strong as was suggested, smce more accurate calculations of 
UT,1 [IO, 111 and expenmental data on the total (elastic plus melastlc) cross- 
sections for the electron--atom interaction [S, 91 have proved that eqn (1) 
1s not fully consistent even for electron kmetic energes of -1000 eV 

In Fxg 1 the angular dlstnbutlons of photoelectron intensity I for a flat, 
semi-mfmlte sample are shown, obtained by Monte-Carlo calculations as- 
suming Gel /cT, = 1, A = 0 25, and a value of 2 for the photolomzatlon 
anlsotropy parameter ~3 for the free atoms or molecules [12] As can be 
seen from Fig 1, elastic scattenng m this case results m a more lsotroplc 
photoelectron angular dlstnbutlon compared to the mltlal dlstnbutlon Just 
after photolomzatlon The difference 1s greater for values of 8, at the ex- 
tremes of the 0-90° interval, especially for the small values The mcluslon 
of elastic scattenng can also be seen to decrease the value of I for values of 
the angle ~1 (between the dlrectlon of photoelectron escape and the sample 
plane) greater than_ -160° Note also that for the set of parameters con- 
cerned m Fig 1, the photoelectron angular dlstnbutlon for 6, * 50-60” 
hardly depends on whether or not elastic scattering 1s considered, these 
angles bemg close to the “magic” 8, value for the angular dlstnbutlon of 
photoelectrons on photolomzatlon of the free atoms or molecules [12] 
But m the general case, 8, does depend on 0, A and D~/(T~~ 

2 Angular drstrlbutlons of photoelectrons escupmg from flat substrate 
samples covered wrth films of various thrcknesses 

As m ref 2, the Monte-Carlo method has here been used to calculate the 
angular dlstnbutlons of photoelectrons escaping from flat substrates covered 
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with films having various values of D/X, As obtamed previously [2], the 
angular dlstnbutlon of photoelectron intensity I for a flat, homogeneous 
sample IS determined by the ratio u~./(T, and by the differential elastic cross- 
section anrsotropy parameter A By analogy, the angular dlstnbutlon of m- 
tenslty I for the overlayer sample (see below), as well as that for the substrate 
covered with film, can be shown to depend on ((T,~/D~ )-, (crel/o, )substr, 

A film9 Asubstr and ~fht, wm, where D 1s the film thickness and h,, film the elec- 
tron mean free path without melastlc colhslons m the film Moreover, the 
angular dlstnbutlon of photoelectrons either from the overlayer or from 
the substrate covered with a film can be expressed using the X, YO, Y, and 
Y, values determined m ref 2 for the angular dlstrlbutlon of photoemlsslon 
from a flat, homogeneous, semi-mfmlte sample, since the only condltlon 
there imposed on the system m order to derive these parameters was that of 
axial symmetry relative to the normal to the sample surface 

The angular distributions of photoelectrons escaping from flat, homogen- 
eous substrates covered with films of various thicknesses were calculated by 
the Monte-Carlo method assuming the followmg parameters charactelrzmg 
the electronsolid mteractton the elastic to melastlc cross-section ratio was 
taken to be unity for both the film and the sample, and values of A of 0.25 
and 0 1 were adopted for film and substrate respectively A total of lo5 
traJectorles were calculated, the correspondmg statistical error being -2% 
for a confidence lumt of 0.682 The X, Y,, Y, and Y, values obtamed for 
various D/X, are presented m Table 3 It should be remembered that m the 
computation scheme employed [ 21, the angular dlstrlbutlon of photoelec- 
trons was evaluated by comparmg the numbers of escaped electrons having 
trajectones wlthm each one of s1x intervals of the escape angle 8,, measured 
from the normal to the surface 0-15O, 15-30°, 30-45O, 45-60°, 60-75O, 
and 75-90” To account for the finite 13~~ mtervals used m the calculations, 
the average escape-angle for each interval was not taken simply to be 7 5O, 
22 5O, etc , but was calculated Using the equation 

I 

e,+, 0 m+l 
exp(-D/X, cos 0) sm 19 d0 

em I, 
sm 8 d8 = exp[--D/(X, cos O$)] (8) 

Orn 

where 8, = 15”(m - l), m = 1, 2, , 6 The results for 02 obtamed for 
some D/X, values are shown m Table 4 Equation (8) accounts for the non- 
unlformlty of the distribution of photoelectrons within each 8,, Interval 
(O-l 5O, 1 5-30°, etc ) used m the calculations 

In Fig 2 the angular dlstnbutlons of photoelectron intensity I for sub- 
strates covered with films of various thicknesses are shown, calculated on the 
basis of the data of Table 3 using expression (34) from ref 2 Two well- 
defined effects observed m Fig 2 should be noted to be related to the elastic 
scattermg The first LS the sharper decay of the substrate photoelectron 
mtenslty with mcreasmg D/X, as compared to the case where elastic scatter- 
mg of electrons m the sohd 1s neglected Let us denote by DL the D/A, ratio 
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TABLE 4 

0; VALUES CALCULATED USING EQN (8) 

D/L e,, (ml 

0-15O (1) 15-30’ (2) 30-45O(3) 45-60° (4) 60-75O (5) 75-90° (6) 

02 IO 37 23 46 38 21 53 14 68 17 82 39 
06 10 36 23 44 38 17 53 05 67 51 80 39 
10 10 36 23 43 38 13 52 56 67 26 79 41 
20 10 35 23 38 38 04 52 35 66 32 78 26 

20 40 60 80 

B es 

Fig 2 Angular dlstrlbutlons of photoelectron mtenslty I for substrates covered with films 
of various thmknesses D/h, = 0 (I), 0 2 (II), 0 6 (III), 1 0 (IV) and 2 0 (V), fi = 1, (-) 
elastic scattering neglected, (-- - - ) both elastic and melastlc scattering considered 

expressed by the usual form&s derived without takmg account of elastic 
scattermg of photoelectrons (see eqn (9)) In Table 5 are shown, as a func- 
tion of D/h, and 8,,, the DL values calculated usmg the expression 

I(D/X,) = I,, exp(-DL/cos 0; ) (9) 

where I0 and I(D/h, ) are the photoelectron mtensltles for the clean and the 
film-covered samples respectively, obtained by the Monte-Carlo method and 
taking mto account both elastic and melastlc mteractlons of the electrons 
with the solid Substltutlon of the calculated I,, and I(D/X, ) values mto 
eqn (9) allows sunulatron of the dependence of the experimental data on 
elastic scattermg It follows from Table 5 that DL > D/X, for 8,, < 60”, 
owing probably to the fact that elastic scattering leads to an mcrease m the 
distance between the pomt of photolomzatlon and that of electron escape 
from the solid, which 1s equivalent formally to an increase m D or a decrease 
in X, 



162 

TABLE5 
DLVALUESCALCULATEDUSINGEQN (9) 

D/h, ees (3 
O-15 15-30 30-45 45-60 60-75 75-90 

02 0 241 0 224 023 0 24 0 26 0 203 
06 0 737 0712 0724 0733 0 718 0484 
10 124 1214 123 122 1087 0 504 
20 2 574 2 535 248 2 32 188 1143 

The second feature to be noted m Fig 2 1s that for 8,, > 60”, a de- 
crease m the DL value compared to D/h, takes place With D/X, = 0 6 and 
ees 2 80” the photoelectron intensity calculated by the Monte-Carlo method 
exceeds even the value obtamed without takmg account of elastic scattering 
A possible explanation of such behavlour 1s that, for sufflclently thick films 
and large 8,, values, the slgnlficant contrlbutlon to photoelectron intensity 1s 
that from electrons eJected m a directIon close to the surface normal un- 
mediately after the photolonrzatlon event and scattered by a large angle near 
the outer surface of the film covering the sample Such an explanation seems 
to be quite reasonable consldermg that the average scattering-angle on 
colhslon of an electron with an atom 1s sufflclently large for A = 0 25 (see 
Table 1) 

We have used the least-squares method to analyze the 
angular dlstnbutlon shown m Fig 2 for a film-covered sample 

5 [I, - C exp(-DL/cos ez)] 2 = mm 
m=l 

photoelectron 
The condltlon 

(10) 

was used to obtain C and DL values for various k = 2, 3, , 6, with 0; 
being determined by eqn (8) (see also Table 4) and I, being the average 
mtenslty of photoelectrons escapmg wlthm the mterval 15*(m - 1) < 8,, < 
15O(m), as calculated by the Monte-Carlo method with the photolomzatlon 
anisotropy parameter 6 = 1 The results are shown m Table 6 Taking vamous 
integral values of 6 It 1s possible to follow quahtatlvely the changes m the 
DL and C values with the value of i3_ used m the calculation of the angular 
dlstnbutlon It should be noted that with neglect of elastic scattering (see 
ref 2 for detatis), we have 

Im = [ 1 + p/2(3/2 cos* 8, - l)] exp[-D/(h, cos 0:)] 

and hence, with p = 1 and BV = 90° (see Fig Z), 

c = 125 

DL = D/X, 

(11) 

(121 
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TABLE 6 

RESULTS OF LEAST-SQUARES ANALYSISa OF PHOTOELECTRON ANGULAR 
DISTRIBUTIONSb FOR SUBSTRATE SAMPLE COVERED WITH FILMS OF 
VARIOUS THICKNESSES 

k D/X,, = 0 2 D/h, = 0 6 D/A, = 1 0 D/X, = 2 0 

DL C DL C DL C DL C 

2 0 33 129 07 113 115 1 07 2 24 0 84 
3 0 33 135 0 85 1 33 135 1 32 2 23 0 83 
4 0 32 126 0 79 1 24 124 1 17 2 02 0 664 
5 0 29 1 22 0 71 113 112 1 03 188 0 57 
6 0 24 1 14 0 71 112 111 1 01 188 0 57 

a See eqn (10) m text 
b Calculated by Monte-Carlo method 

The above-mentloned effects of the elastic scattering m a solid on the 
angular dlstrlbutlon of escapmg photoelectrons are clearly apparent from 
Table 6 For the first, the DL values do almost always exceed the ratio 

DIL, and hkewlse C < 1 25 For the second, the DL value decreases with 
increasing k, behavlour equivalent to the account grven by eqn (10) for the 
contnbutlon from photoelectrons escaping at large 8,, 

3 Angular drstrlbutron of photoelectrons escapmg from a flat, homogeneous 
ovedayer 

The Monte-Carlo calculation of the angular dlstrlbutlon of photoelectrons 
escapmg from a flat overlayer, and the least-squares analysis of the results, 
did not differ slgmflcantly from the procedures described m the preceding 
section of this paper A total of 1 5 x lo6 traJectorles were calculated, with 
a resultmg statlstlcal error of 1% for the 0 682 confidence hmlt The X, YO, 
Y, and Y2 values obtained are presented m Table 7 The followmg condrtlon 
was used instead of eqn (10) 

i Vnl - C [ 1 - exp(-DL/cos Oz)]}’ = mm (13) 
??I=1 

where k = 3, 4, 5, 6 and I, 1s the average intensity of photoelectrons escap- 
mg from the overlayer wlthm the mterval 15*(m - 1) < t?,, < 15*(m), calcu- 
lated by the Monte-Carlo method with the photolomzatlon anisotropy 
parameter j3 = 1 (see Fig 3) The DL and C values obtamed using eqn (13) 
are shown m Table 8 As m Section 2 above, the equahtles grven m eqn (12) 
should hold for the case where elastic scattermg is neglected As can be seen 
from the data of Fig. 3 and Table 8, only one of the two effects of elastic 
scattermg on angular dlstibutlon as noted m the precedmg section 1s 
exhibited m the case under conslderatlon, this bemg the increase m the 
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TABLE 7 

X, yo, Y, AND Yz VALUES CHARACTERIZING PHOTOELECTRON INTENSITY 
FOR OVERLAYER SAMPLES OF VARIOUS THICKNESSES 

8,s (“1 D/L =02 D/h, = 0 6 

X YO Yl y2 X Yo Yl y2 

O-l 5 0 19 0 17 0 06 0 02 05 0 42 0 15 0 08 
15-30 0 21 0 16 0 14 0 05 0 52 0 38 0 31 0 14 
30-45 0 24 0 14 021 01 0 57 0 31 0 45 0 26 
45-60 03 01 025 02 0 65 0 22 0 49 0 43 
60-75 0 43 0 06 0 25 0 37 0 76 0 13 0 43 0 63 
75-90 0 63 0 03 015 06 0 75 0 05 0 19 0 69 

8es 0 D/X, =lO D/X, =20 

X YO Yl y2 X YO Yl y2 

O-15 0 68 0 56 0 18 0 13 09 07 0 22 0 19 
15-30 0 71 051 04 0 21 0 92 0 63 0 47 0 29 
30-45 0 76 0 41 0 56 0 35 093 05 0 64 0 43 
45-60 0 81 0 28 0 59 0 53 0 93 0 33 064 06 
60-75 0 86 0 16 047 07 0 92 0 18 0 49 0 74 
75-90 0 78 0 06 0 21 0 72 0 81 0 07 0 21 0 74 

TABLE 8 

RESULTS OF LEAST-SQUARES ANALYSISa OF PHOTOELECTRON ANGULAR 

DISTRIBUTIONSb FOR OVERLAYER SAMPLES OF VARIOUS THICKNESSES 

k D/h, = 0 2 DIX, =06 D/h, = 1 0 D/h, = 2 0 

DL C DL c DL C DL C 

3 - - 0 72 0 11 0 99 1 22 198 115 
4 0 14 175 0 76 107 1 25 109 2 38 109 
5 0 21 122 08 104 131 106 2 52 1 09 
6 0 34 0 83 0 99 0 94 16 0 98 3 46 104 

a See eqn (13) m text 
b Calculated by Monte-Carlo method 

effective distance covered by the photoelectron between the photolonlzatlon 
and escape events. This suggestion 1s confirmed by DL > D/X,, this inequality 
becoming greater on increase m D/X, The magmtude of C 1s only slightly 
dependent on D/X, The mcrease m DL with 8,, above 60” 1s due to the 
decrease m the photoelectron intensity at such angles (see Fig. 3) It should 
be noted that this 1s slmllar to the case for a semi-mfmlte, flat, homogeneous 
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I 

20 40 60 80 

8 es 

Fig 3 Angular dlstibutlons of photoelectron mtenslty 1 for overlayer samples of vazlous 
thicknesses D/X, = 0 2 (I), 0 6 (II), 1 0 (III) and 2 0 (IV), p = 1, (-) elastic scattermg 
neglected, (- -- -) both elastic and melastlc scattermg consldered 

sample, as considered m ref 2 and m Section 1 above In both cases the 
maJor contnbutlon to the mtenslty IS suggested to be that from the photo- 
electrons generated m the uppermost layers of the sample and undergomg 
a small number of elastic colhslons before escape from the sohd 

DISCUSSION OF RESULTS 

(a) Flat, semr-mfrnrte sample 
The calculation reveals the elastic scattermg to produce an “isotroplz- 

ation” m the angular dlstnbutlon of photoelectrons that 1s formally equlv- 
alent to a decrease m I f3 I Due to this effect the expenmental photoelectron 
intensity for a small angle 8, between the direction of X-radiation and that 
of photoelectron escape should exceed the theoretical values obtamed with 
elastic scattenng neglected (Fig 1) For large 8, (up to 90”) the latter 
theoretical values should exceed the experunental ones Some decrease m 
photoelectron Intensity must be observed for a large angle (II between the 
sample plane and the escape dvectlon (Fig 1) All these facts allow of 
expenmental venflcatlon, but no relevant experunental data are avalable m 
the literature One comphcatlon mvolved m expenmental venflcatlon of the 
last effect, concernmg the decrease m mtenslty for large ac, IS that a sunllar 
decrease can be caused by the presence of a thm surface-contammatlon 
layer, as well as by the anaIyzer entrance-slit proJectlon onto the sample 
plane exceedmg the sample area Irradiated. 

(b) Frlm-covered sample 
Accordmg to the calculations, the substrate-peak mtenslty will here be 

decreased due to elastic scattermg, the relative effect being greater as the 
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film thickness D increases The opposite behavlour should be observed for 
large escape-angles, because of the slgmflcant contrlbutlon to mtenslty from 
photoelectrons covenng the distance to the surface at a small angle to the 
normal (much smaller than I!?,,) and then being scattered elastlcally near the 
surface to escape at 8,, 

The intensity I of the substrate photoelectron-peak 1s often used to calcu- 
late the D/X, ratio, where X, 1s the photoelectron mean free path without 
melastlc colhslons m the film If this calculation 1s performed for fixed 
8,, < 60” usrng eqn (9), which does not take account of elastic scattering, 
then the DL value formally obtained will exceed the real D/X, ratio With 
the set of parameters adopted m our calculations the difference would 
usually be -20% For 8,, > 60” the mequahty may be reversed (see Table 5) 
It should be emphasized that the photoelectron mtensltles I calculated 
taking account of elastic scattering, and, hence, the expenmental I values, 
can be represented with sufficient accuracy by eqn (9), but m general the 
DL values so obtained will not comclde with the real D/X, values Therefore, 
underestimated hncrorm, values are usually obtained from eqn (9), smce it 
can be shown that 

&i&In) = x-,l + CA-A (14) 

where a 1s a coefficient to account for the elastic-scattenng contnbutlon, 
and Xel 1s the electron mean free path without elastic colhslons It should be 
noted that values of hn(fonnj have also been determined [f3] using the 
expression for the photoelectron intensity for a flat, homogeneous sample 

I = %Jn~fomp~Pfie. (15) 

where K0 1s the instrument factor, 0 the photolonlzatlon cross-section, n the 
density, and Pfi,, the photolomzatron angular dlstnbutlon for the free atoms 
or molecules But this should m fact (see ref 2 and the present paper) be 

where Psdd IS the photolomzatlon angular dlstnbutlon for a solid By vtiue 
of eqns (15) and (161, 

pfre, h(form) = ps&d A, (17) 

where L, /khd > 1 for 8, = 90” (see Figs 1 and 2) Hence, eqn (15), 
when formally used, also Bves increased XnCformj values, although the m- 
crease 1s usually less pronounced (Pfree/Psalld. = 0 9 with the parameters used 
in our calculations). 

Equation (9) IS also used to obtam the X, value for the case of fixed film- 
thickness D and variable angle 8,, (see for example refs 14 and 15) In 
ref 14 the value of h, was observed to increase with 8,, (for D/h, 32 2 2, 
and 35” < ees < 80”) and the effect was supposed due either to overlayer 
patching or to sample-surface roughness (or to both) The X, values calcu- 
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TABLE 9 

&, VALUES AS DEPENDENT ON THE PHOTOELECTRON 
ESCAPE ANGLE 8,, CALCULATED USING THE EXPER- 
IMENTAL DATAa 

80 12 0 O-8 0 
70 75 40 
60 56 40 
52 49 41 
40 43 36 
35 42 36 

a From xef 14 
b Calculated usmg eqn (9) with the expemmental data from 
ref 14 
c Values corrected to account for possible overlayer-patchmg 

lated for the various values of 0,, used m ref 14 are shown m Table 9 It will 
be noted that even the patch-corrected X, values still shghtly increase wrth 
mcreasing 13~~ We suppose this dependence of A, on 0,, to be explamed by 
the elastic scattenng of photoelectrons m a solid Indeed, as can be seen 
from Table 5, for D/X, = 2 0, the mcluslon of elastic scattering results m a 
decrease m the value of DL calculated using eqn (9), with mcreasmg 8,,, 
which 1s equivalent to an increase (with e,,) m the value of A, obtamed 
using the same formula Therefore, the dependence of h, (as calculated usmg 
eqn (9)) on e,,, observed m ref 14, can be attmbuted not only to the 
presence of sample-surface defects, but also to the effect of elastic scattering 
of electrons m a solid on the photoelectron mtenslty. 

(c) Overlayer sample of frmte thickness 
The calculation shows that the peak mtenslty of photoelectrons escapmg 

from an overlayer of finite thickness can be written m the form of an ex- 
presslon derived with no account of elastic scattering (see Fig 3). 

1 = c[ I- exp(-DL/c0s e;))l 

The values of C and DL obtamed from eqn (18) are different from the real 
C and D/X, values For example (see Table 8), C values Hnthm the mterval 
0 8-l 75 are obtained for p = 1 and 8, = 90°, instead of C = 1 25 TheDL 
values not only differ noticeably from the real D/X, values, but depend on 
the set of escape-angle (e,,) values used m the calculatrons (see Table 8, 
where the 8,, mterval 1s determined, by the condltlon that k IS Integral, to 
be 0 < 0,, < 15” (k)) The change m DL value as a function of k was ana- 
lyzed m ref 15 on the basis of expenmental data taken from the hterature, 
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and DL was found to Increase with k This 1s confirmed by the data of 
Table 8 Therefore, elastic scattering, together with surface roughness, can 
produce an increase m DL with increasing 0,, interval 

(d) Fzlm/substrate rntenslty ratto 
The above results can be readily apphed to the D/X, values determined on 

the basis of the ffim/substrate mtenslty ratio 

IfrLm /Isub& = R(l- +=W--D/h, ~0s &,)I )=pW(X, cos O,,)] (19) 

where R IS the ratio of the mtensltzes for a film of mfmlte thickness and for 
the clean substrate In ref 16 expenmental angular dlstnbutlons of photo- 
electron intensity were reported for slhcon samples covered with oxide 
layers of vmous thicknesses Figure 4(a) shows the dependence of ln[l*/- 
&ubstr R) + l] on l/cos0,, for R = 0 672 (data taken from refs 15 and 
16), The deviation from the linear law was agam [ 161 explamed as being 
due to sample-surface imperfection In Fig. 4(b) the dependence of ln(lti/- 
I SUbStr + 1) on l/cos 8,, 1s presented for I film and ImbSti calculated by the 
Monte-Carlo method (see Figs 2 and 3 and Tables 3 and 6) The evident 
quahtatlve correlation between the two figures suggests that the nonlmear 
dependence of ln(~~ti/~&,Sti + 1) on l/cos 8,, can be explamed also by the 
effect of elastic scattering of electrons The poswblllty that elastic scattermg 
might explain the results shown m Fig 4(a) was also considered in ref 16, 
but the comphcatlons involved m the evaluation of the extent of this effect 

Crl (I rd(Isubs+rR)+I) (a) 
1 

D=8 9nm 

5. 
D=6 4nm 

D=3 8nm 

gi= 

D=l 5nm 

5 to 
I /case,, 

’ Co tIf,,m/(I,rrbs,rR)+t) (b) 
5, 

D/X,=2 

1 

D/X,=1 

1 D/X,=0 6 

e 
D/X,=0 2 

5 IO 

I /cosB,, 

Fig 4 Dependence of ln[I~~m/(~SUbStxR) -I- 11 on l/cos fles (a) as takeh from refs 
and 16, R = 0 672, and (b) drawn using the IfrIm and ISUb& VdUeS calculated ln 
present paper, R = 1 

16 
the 



169 

led the authors to conclude that sample-surface roughness played the major 
role 

Therefore, it can be concluded that the elastic-scattering effect often ex- 
plains, without any ad&tlonal assumptions, the experimentally observed dls- 
crepancles produced by the applrcatIon of formulas derived without taking 
account of elastic scattenng It 1s quite evident, of course, that the influence 
of other factors such as surface roughness, overlayer patchmg, etc , can also 
lead to dlscrepancles between experiment and the theory that does not take 
account of elastic scattenng [ 151 
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