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A simple geometrical method for improving the depth resolution 
of the RBS technique is presented. A critical appraisal of the 
resolution-limiting factors such as beam collimation, detector 
acceptance angle, multiple scattering, and surface topography 
effects is given in an attempt to optimize the geometry for maxi- 
mum attainable depth resolution. An optimized low-angle 
geometry in which the incident beam impinges onto the target 
surface at 5 and the detector is positioned for 168 scattering 
leads to ~,8 times resolution improvement: the expected system 
depth resolution becomes 20-30 A for a solid-state detector 

(15 keV fwhm). The effects of multiple scattering and surface 
topography on system resolution are examined experimentally: 
for carefully prepared target surfaces (vibratory polished and 
etched) system resolutions approaching those expected from 
the optimum RBS geometry can be attained in practice for near- 
surface analysis. At large analysis depths and for samples with 
ill-prepared surfaces the system resolution will be noticeably 
degraded and the resolution profile may become decidedly 
asymmetric. 

I. Introduction 

Over the past few years Rutherford backscattering 
(RBS) has been increasingly used as an analytical tool 
for studying the para-surface regions of  solids ~' 2). By 
providing a measure of  the elemental composit ion 
o f  thin films, it has met with success as a direct means 
for monitor ing stoichiometry changes 3) and detecting 
surface/bulk contaminants4).  Furthermore,  by pro- 
viding depth analysis RBS has prompted recent 
applications to the study of interdiffusion of  solid 
films 5" ~'). However,  the advent of  ion implantation in 
many diverse fields, as a convenient means of  intro- 
ducing foreign impurities into the surface layers of  a 
solid, has stimulated the major  interest in the back- 
scattering technique. For  example, RBS has been used 
extensively both for direct monitoring of  the accumula- 
tion o f  implanted species 7"8) and, when used in 
conjunction with the channelling technique, for pro- 
viding a measure of  the ion damage and foreign a tom 
location within the substrate 9.to). More recent 
metallurgical and materials science applications o f  high 
dose implantation, for forming test alloys with 
superior chemical and physical properties t t-~ a), have 
necessitated measurement  of  high-concentrat ion im- 
purity profiles. In such cases, the s tandard stripping 
techniques may not provide a reliable profile mea- 
surement ,4) and Rutherford backscattering thus 
presents itself as a desirable alternative mode of  
analysis. 

The main limitations of  Rutherford backscattering 
are: 

(1) that analysis is often restricted to systems with 
heavy impurity atoms and light target atoms;  

(2) that  the measured backscattered signal is averaged 
over the entire irradiated area; and 

(3) that the detector resolution usually limits the depth 
resolution to a few hundred Angstroms. 

The first limitation can be partly overcome by using 
thin targetslS), employing channelling ~6) or using an 
appropriate nuclear reactionl7), but even so the 
" b a c k g r o u n d "  will be high, making quantitative 
analysis difficult. As a result of  limitation (2), the 
presence of  Iocalised, structural features in the compo- 
site target, such as precipitation effects, are not readily 
identified f rom backscattering data alone and some 
complementary means of  analysis (e.g. TEM,  X-ray 
diffraction) should be employed. Combined RBS and 
TEM studies have already met with considerable 
success in the • - 18 19). analysis of  high doselmplantat lons  • 
High depth resolution is a necessary requirement in 
most  of  the RBS applications mentioned above, since 
the region of prime interest in interdiffusion and high 
dose implantation studies is frequently at, or in close 
proximity to, the film interface or target surface. 
However, the RBS depth resolution is often insuf- 
ficient for probing these interesting surface regions on a 
small enough scale and unusual behaviour may go 
unresolved2°). Rubin2t) ,  in the original treatise on 
Rutherford backscattering as an analytical tool, 
appreciated this problem and pointed out  that both the 
energy resolution of  the detection system and the 
system geometry were important  factors determining 
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the available depth resolution. Since then, improve- 
ment of  the detector energy resolution has been the 
major practical concern22'23), and the simpler 
approach, changing the system geometry, until now has 
received only limited attention in the literature e 3 27). 

In a recent communication 2s) it was demonstrated 
how careful optimization of backscattering geometry 
can lead to better than a factor of 5 enhancement in 
depth resolution. The aim of this paper is to provide a 
more rigorous account of the technique and the con- 
siderations governing the opt imum system geometry 
for maximum depth resolution. A critical appraisal 
of the limitations inherent in the method is also 
presented. The technique is illustrated with data from 
ion-implanted targets: in favourable circumstances, a 
depth resolution of up to 8 times that obtained ~.ith 
normal incidence geometries can be attained. 

2. Basic considerations 

2.1. PRINCIPLES OF GEOMETRICAL RESOLUTION 

ENHANCEMENT 

A schematic of the backscattering arrangement 
indicating the relevant parameters is shown in fig. 1. 
For a probe beam of light ions (mass M, ,  energy E~) 
incident at an angle (/) to the surface normal of a solid 
target (mass M2), the energy of the exit beam E b, back- 
scattered through an angle 1 8 0 - 0  is given by: 

Eb = k2(E1-AEin) -AEout .  (I) 

by differentiation of eq. (2) to yield: 

d:  = ~l~:/{k-" &,,(E)/cos 4'+ So,,,(E)/cos ( 0 - 0 ) } .  (3) 

An examination of eq. (3) suggests two possibilities 
for obtaining increased depth resolution: 
(I) improving the energy resolution of the detection 

system ; or 
(2) employing a backscattering geometry with 4) and 

q5 - 0 large. 
Improvement of the energy resolution of a solid- 

state detection system by using cooled detectors and 
preamplifiers and by optimization of associated 
electronics provides for an ultimate depth resolution of 

200 A,. The use of more complex detection systems 
with high energy resolution offers a better improvement 
in depth resolution, approaching the 20/~ resolution 
provided by a magnetic spectrometer22). 

The geometrical enhancement in depth resolution is 
illustrated diagrammatically in fig. 2. Consider a 
uniform implanted layer of heavy ions 300 400/~ 
below the surface of a light substrate (e.g. Pb + im- 
planted into Si). In a normal-incidence backscattering 
geometry using, say, 2 MeV He + , the resolution of a 
solid-state detection system would not permit the true 
profile of the implanted layer to be clearly resolved: 
the measured profile (as shown in fig. 2) would be 
severely modified by the Gaussian-shaped detector 
profile. The only way any quantitative information 
could be extracted from such an energy spectrum is by 

Here: 

k = ( M 2 - M 1  cos O)/(M 1 +M2),  

for M I <{ M 2 , and AE~, and AEout are the energy-loss 
components for the probe beam on the incident and 
exit paths, respectively. For shallow scattering depths, 
z, normal to the surface, the stopping power of the 
target for the probe beam (defined as the rate of change 
of energy with penetration depth) can be considered 
constant over the incident and exit paths. Eq. (1) may 
then be written in the form: 

Eu = k 2 { E l - & , , ( E ) : / c o s 4 }  - SoudE) =/cos (4 01, 
(2) 

where S~,, and So,, are the stopping-power components 
corresponding to AE~,, and AEo~,. 

Data from RBS analyses are usually obtained in the 
form of energy spectra of backscattered particles. 
Using eq. (2), it is possible to relate a particular back- 
scattered energy E b to scattering from a unique depth z. 
The depth resolution of the detection system dz can be 
expressed in terms of the system energy resolution AE 
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/ MI,E~ 
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/ 

Fig. 1. A schematic of the RBS arrangement showing the relewmt 
parameters (see text). 
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Fig. 2. Schematic illustration of the enhancement in depth 
resolution normal to the surface obtained with a glancing-angle 
RBS geometry. Normal-incidence and glancing-angle spectra 
are shown for backscattering from a uniform implant layer 
100 ,~ wide and 400 ,,~ below the target surface. The depth 
resolution is ~200 .& with normal incidence, and ~20/~  with 

the low-angle arrangement. 

employ ing  compl ica ted  deconvolu t ion  techni- 
ques29, 3o), but  this is val id only when the energy width 
o f  the signal f rom the implan t  layer  is significantly 

greater  than the de tec tor  energy resolution.  Alter-  
natively, if  we employ  a glancing-incidence geometry,  
as shown in the upper  par t  of  fig. 2 ( 4 ~  84 ° and  
0 = 0 °) the path  length o f  the probe  beam in t raversing 
the implan ted  layer is substant ia l ly  increased. As a 
result,  the energy difference between ions scat tered f rom 
the front  and back of  the implan ted  layer is now much 
larger than the detector  energy resolut ion and,  con- 
sequently,  a well-resolved profile o f  the implanted  
layer is ob ta ined  in the energy spectrum. With  the 
glancing incidence geometry  of  fig. 2, the depth 
resolut ion normal  to the target  surface has been 
improved  approx imate ly  10 t i m e s - t y p i c a l l y  f rom 
200 A (normal  incidence) to 20 A. 

Re turn ing  to eq. (3), it may seem that  the depth 
resolut ion could  be improved  wi thout  bound,  simply by 
choos ing  incident  and  exit paths  inclined at smaller  and 
smaller  angles to the target  surface. However,  target  
flatness, surface roughness,  beam col l imat ion,  detector  
acceptance  angle,  and  mult iple scattering of  the probe  
beam are pract ical  l imitat ions to the a t ta inable  depth 
resolution.  In the next section these shall be examined 
in detail  in an a t t empt  to opt imize  the backscat ter ing 
geometry  for ma x imum depth  resolution.  

2.2. PRACTICAL LIMITS TO DEPTH RESOLUTION 

The ul t imate depth resolut ion of  a par t icu lar  
Ruther ford  backscat ter ing geometry,  dz T, can be 
expressed in terms of  the expected depth  resolut ion 
given by eq. (3), dZG, and  the uncer ta inty  in scat ter ing 
depth  in t roduced  by beam divergence, etc., dZL: 

dz T = d z o + d z  L. (4) 

The influence of  the system geometry  on the relative 

TABLE l 

A summary  of  the contr ibut ion to the resolut ion-l imit ing term dzL. 

Contribution Origin Comments 

d z N  

Inherent in the experimental 
arrangement 

d2"B 

Bulk target effects 

d2- S 

Surface topography effects 

Poor beam collimation 

Finite detector acceptance angle 

Multiple scattering from target 
atoms 

Energy straggling process 

Long-range surface flatness 

Short-range surface roughness 

Not a problem 

Restricts the position of the detector and the ultimate 
system resolution 

Difficuh to estimate; increases with depth; confines the 
analysis to the near-surface 

Small contribution compared with muhiple scattering 

Scale can be measured and dzs estimated 

Difficult to estimate and experimental characterisation a 
possible approach 
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magnitude of the limiting term dZL, is best illustrated by 
an example. Consider an arrangement in which a 
2 MeV He + beam is scattered from a Si target through 
180 ° (0 = 0 °) into a solid-state detector with an energy 
resolution of 15 keV (fwhm). From eq. (3) the expected 
system depth resolution in normal incidence (0 = 0 )  
and glancing incidence, say ~b = 84 °, would be about 
250/~ and 25 A, respectively. If we now have an 
effective angular spread in both the incident and scat- 
tered beam of 1 ° (half angle) then, for scattering from 
400/~ below the target surface, the uncertainty in depth 
arising from beam divergence alone can be estimated 
from eq. (3) as dz L ~ 10/~ <~ d z  G for normal incidence, 
and dZL ~ 60 ,~ > dz G for glancing incidence. Hence, 
when low-angle RBS geometries are employed, all 
factors, such as beam divergence, which may contribute 
to dz L and limit the attainable depth resolution must be 
carefully considered. 

The term dz L may be divided into three main contri- 
butions which can be conveniently treated separately 
and are summarised in table 1. The contribution dz E, 
which arises from the fixed beam divergence inherent 
in the experimental arrangement as incident beam 
spread and detector acceptance angle, can be minimized 
by careful optimization of the experimental conditions. 
This is discussed in detail in section 2.3: suffice it to say 
here that careful choice of the experimental geometry 
can keep dz E <~ dz G and at the same time provide a 
depth resolution enhancement of up to l0 times that 
obtained with normal-incidence geometries. The term 
dzB which arises from small-angle (multiple) scattering 
of the probe ion from target atoms and energy strag- 

gling effects within the bull,- target will increase in 
magnitude with path length. It is difficult to obtain a 
reliable estimate of dzR as a function of depth, since 
multiple-scattering processes are not fully understood 
and the theoretical analysis is complex ~ t-33). However, 
by confining the RBS analysis to the near-surface 
region of the target, the effective contribution of dzB to 
the overall resolution can be minimized. The third 
contribution arising from surface irregularities, dzs, 
can be subdivided further into long-range surface 
flatness effects which introduce an uncertainty into the 
angle of incidence of the probe beam, and localised 
short-range surface roughness (a series of "hills and 
valleys" maybe 10's or 100"s of/~ngstroms high and 
separated by similar distances) which presumably 
could introduce an uncertainty into the determination 
of the true position of the surface. The scale of long- 
range surface flatness is not difficult to measure (e.g. by 
optical interference methods), enabling the contribu- 
tion to dz s to be readily estimated for a particular 
scattering geometry. However, the effects of localized 
surface roughness on the system depth resolution are 
more difficult to predict, especially without a precise 
knowledge of the small-scale surface topography. An 
attempt has been made to experimentally estimate the 
contributions of dZB and dz s to the overall RBS depth 
resolution. The results are presented and discussed in 
section 3. 

2.3. OPTIMIZATION OF THE BACKSCATTERING GEOMETRY 

The main consideration in attempting to optimize the 
scattering geometry for maximum depth resolution is to 

dqb <O.OS ° 

f -~..- in cident beorn 

solid-state / / / ~  / ~ ~  
detector f / / 

>'%-_ 5 
o.s, ,m ~ " ,  ~ /  

Fig. 3. The low-angle RBS geometry, showing the incident beam, angular divergence d(b, impinging at an angle 90-(~ onto tile 
target surface and scattered through an angle 180 -0  into a solid-state detector, acceptance angle (in the plane of  the figure) of  dO. 

Note the increased irradiated area with the low-angle geometry. 
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keep the contributions to dz E small compared with our 
expected resolution dz G . A schematic of the scattering 
geometry is shown in fig. 3, where the prime factors 
giving rise to dZE are depicted; namely, incident beam 
divergence, dr), and detector acceptance angle, dO. 
Without any consideration for detection count rate it is 
possible, by suitable collimation of both the incident 
and scattered beams, to keep dz E ~ dz G for practically 
any desired scattering geometry. However, the realistic 
detection count rates which must be employed in the 
interests of keeping both analysis time and probe beam 
flux to a minimum, will certainly influence dq5 and dO. 
An additional, important consideration is that for low- 
angle-scattering geometries only the component of 
incident-beam divergence (lateral spread) in the plane 
of incidence will contribute significantly to dzE. For 
simplicity, if the detector is also positioned in the 
incident plane, as shown in fig. 3, then the component  
of  detector acceptance angle in the plane of incidence 
will similarly provide the major contribution to loss of 
depth resolution. Consequently, the detection count 
rate can to some extent be improved without a cor- 
responding loss of depth resolution by employing 
a more diffuse probe beam and a larger detector 
acceptance angle in the plane normal to the plane of 
incidence. 

In our experimental arrangement the incident beam 
has a cross section of 0.5 x 2 mm 2, the smaller dimen- 
sion corresponding to a beam divergence of dq~ ~ 0.05 ~ 
in the plane of incidence (horizontal plane in our case), 
The physical dimensions of  the scattering chamber and 
the conditions necessary for a suitable detection count 
rate have led to a 100 mm 2 detector being placed 

10 cm from the target (with 2 mm entrance slits 
to reduce the acceptance angle in the horizontal plane). 
Noting that the irradiated target area is greatly enlarged 
in low-angle geometries (by a factor sec q5 as indicated 

in fig. 3), the detector acceptance angle in the horizontal 
plane, dO, for our arrangement will be ~ 2+'-3 °. 

Knowing dq~ and dO, the optimum backscattering 
geometry was obtained as follows. Firstly, with 
d(} ~ 0.05 + and considering that the target surface 
should be capable of preparation to flatter than 0.1 ~ 
over the irradiated area (e.g., by precision vibratory 
polishing conditions), the contribution to dzE over the 
incident path length will be much smaller than dz c 
(e.g. 5% in practice) if q) is less than about 85 °. Simi- 
larly, with a detector acceptance angle dO ~ 3 °, the 
scattering angle 0 must be greater than about 12 ° in 
order to keep dzE <~ dZG. Hence, in our experimental 
arrangement the optimum geometry for maximum 
depth resolution would seem to be q) ~ 85 ° and 0 ~ 12 °. 
Consequently, for a detector energy resolution of 
15 keV fwhm, the maximum expected depth resolution 
would be of the order of 30/~ (using for example a 
2 MeV He + probe incident on a Si target). 

3. Experimental, results and discussion 

3.1. BACKSCATTERING ARRANGEMENT 

The experimental RBS arrangement is shown 
schematically in fig. 4. The target is mounted on a 
3-axis goniometer in an inclined holder to allow the 
incident beam to make a grazing angle with the target 
surface without striking the goniometer mechanism. 
A negative potential of 800 V applied to a copper ring 
incorporated into the target holder provides secondary- 
electron suppression, enabling the absolute beam 
current to be measured directly on target. Accurate 
alignment of the target surface to better than 0.05 ° with 
respect to the incident beam is achieved with the aid of  
a He Ne laser pre-aligned co-linear with the analysing 
beam3+). The 47 and ? axes are first adjusted until both 
the incident laser beam and that reflected from the 

beam current "If ~q 
d i r e c t  from ~ ~.. 
target J~ ', 3-axis (8,¢,~) "I ¢ 

\ : gon+o+,,., I ,I, 
\ ',....~ ~secondary . / 

screen \ 17'/I F electron suppress,on (.p 
He-Ne laser ]J ~//] [ 

JJ laser beam _ 0  ~//J J onolysin 9 beam 

u-4-, ' ,2- 

, . ._ . . ]  2m:IL/  
qb slits 

Faraday  cup 

( I" 
collimating slits 

solid s ~ t e  
d e t e c t o r  

Fig. 4. The experimental arrangement showing tile laser pre-alignment of  the target and the He" analysis system. 
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target surface are aligned, then the ~b axis is rotated 180 ° 
to achieve alignment of the target surface with the 
incident particle beam. 

3.2. DEMONSTRATION OF THE TECHNIQUE 

As a demonstration of the glancing-angle back- 
scattering technique, a commercially prepared < 111 > Si 
wafer* was first implanted off-axis with 38 keV Pb + 
ions to a total dose of 5 x 101 ~ c m -  2, and then a trace 
amount  of Au evaporated onto the surface. The 
sample was then analysed with 2 MeV He + ions using 
various backscattering geometries. Typical spectra are 
shown in fig. 5. 

For implant energies less than about 50 keV, the 
depth resolution of the normal-incidence RBS system 
would not be sufficient to resolve the implant profile 
from a similar mass impurity at the target surface. 
This is seen in the spectrum of fig. 5(a), where the 
backscattered yield from both the Pb implanted atoms 

* Mechanically and chemically polished by Dow Coming Co. 
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Fig. 5. 2 MeV He + backscattered spectra from a 38 keV Pb- 
implanted Si target with thin evaporated Au surface layer. 
Three scattering geometries are shown to illustrate the resolution 
enhancement at low-angle geometries; Pb dose 5 x I01~ cm 2, 

5 keV/channel. 

and the surface Au atoms appear as a single, un- 
resolved peak. However, the spectra in figs. 5(b) and 
5(c) clearly exhibit a marked improvement in the depth 
resolution of the backscattering system: with (p = 77 ° 
the Pb and Au peaks are just resolvable and with 
q5 = 85 ° the resolution is further enhanced, clearly 
showing the shape of the Pb implant profile. In fig. 5, 
a resolution factor R - defined as the ratio of the 
normal-incidence depth resolution to that obtained 
with the low-angle geometry - has been used as a mea- 
sure of the expected improvement in depth resolution 
in the spectra of (a), (b), and (c). For the geometry of 
fig. 5(c), the expected depth resolution [from eq. (3)] is 

40 A and, when a depth scale is fitted to the spectrum 
[eq. (2)], the most probable range of the Pb-implanted 
profile can be estimated, from the position of the Pb 
peak, as ~ 250 A. This value is in reasonable agree- 
ment with the range predicted on the basis of LSS 
theory ( ~  205 A) 35.36). 

An additional noteworthy feature evident in fig. 5 
is the appearance of a dip (arrowed) in the Si substrate 
yield when glancing-angle geometries are employed. 
This effect can be explained in terms of the presence of a 
significant concentration of implanted species within 
the target, which results in an increased stopping power 
for the analysing beam37). Thus, the increased depth 
resolution of low-angle backscattering geometries 
can bring to light composite-target stopping-power 
effects not apparent in normal-incidence geometries. 

3.3. TARGET SURFACE AND BULK EFFECTS ON SYSTEM 

RESOLUTION 

To observe the effects of surface topography on 
RBS depth resolution " smoo th"  and " rough"  Si 

smooth 

3 Rp--A3ch 

~u 2 / / ~  Isurfoce 

s 1 
z 

330 350 370 

rough 
4,= B5 ° 

Rp=t3ch 

1 IPb 
• s u r  f o ¢ ¢  

FWHM 

320 340 360 
c hanne[ number 

Fig. 6. 2 MeV He + spectra from 20 keV Pb- ions implanted into 
" s m o o t h "  and " r o u g h "  Si targets at ~ = 85 ' geometry; 5 keV/ 

channel. 
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samples were simultaneously implanted with 20 keV 
Pb + ions to a dose of 10~Scm -2. The " s m oo t h"  
samples were carefully mechanically and chemically 
polished* and the " rough"  samples were simply given a 
long chemical etch from a sawn surface. After implan- 
tation the samples were set up for ~b = 85 ~' glancing- 
angle RBS with 2 MeV He + ions. The " rough"  samples 
were difficult to laser-align owing to a large angular 
divergence ( ~  2 ~) in the surface-reflected laser beam. 
Typical Pb-implanted profiles from both "smooth  " "  and 
" rough"  samples are shown in fig. 6. 

Whereas the " smooth "-sample profile is near- 
Gaussian in shape, the " rough "-sample profile 
exhibits a marked " ta i l"  and is clearly broader (fwhm 
13.5 channels compared with the " smooth "-profile 
fwhm 10 channels). The Pb peak position in both cases 
is 13 channels below the surface, corresponding to a 
most probable range of ~ 190 A for 20 keV Pb + in Si. 
The broader, "rough "-sample profile is indicative of an 

* Vibratory polished in a slurry of  0.05/ml alumina, then 
chemically polished with CP4. 

overall loss of system depth resolution, the asymmetry 
presumably arises from the fact that the fraction 
of the beam which strikes surface regions where ~b is 
larger than the mean will give rise to a greater uncer- 
tainty in depth at larger depths. 

For examining the effects of bulk scattering processes 
on depth resolution, successive layers of AI (100- 
300/~) were ewtporated onto the surface of a Si sample 
implanted with 38 keV Pb + ions to a dose of 5 x 10 ~5 
cm 2. Low-angle RBS analysis at 0 = 8 5  ~ was 
carried out after implantation and after each subse- 
quent evaporation. The results are summarised in 
fig. 7: the loss of resolution with increasing film 
thickness is manifested by a broadening in the measured 
Pb profile and an additional " ta i l"  developing at large 
A1 thicknesses. However, there is little change in the 
shape of the implanted profile initially, indicating that 
the loss of  resolution arising from bulk scattering 
effects is small up to depths of ~ 500 A in AI (or, more 
generally, low-mass targets) for a q~ = 85 ° backscat- 
tering geometry. 
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Fig. 7. 2 MeV He ~ spectra from 3 8 k e V P b  + i m p l a n t e d i n t o S i t o a d o s e o f 5 × 1 0 1 5 c m - ' ~ ; ( I )  × is the case with no evaporated layer; 
(2) • has ~ 1 2 0  ~ of  AI evaporated onto the Si surface after implantation: (3) 2x has ~ 2 5 0  ~ of  AI; (4) © h a s ~ 3 7 0 / ~ ; a n d  (5) 

has ~ 6 2 0  A of  AI. The range Rp of  38 keV Pb in Si is about 250 A; 5 keV/channel. 
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It is not possible to obtain an estimate of the absolute 
depth resolution of the system from either fig. 6 or 7, 
since the true shape of the Pb profile is not known 
exactly. Nevertheless, the effects of surface roughness 
and bulk scattering (multiple scattering and energy 
straggling) processes on the system resolution profile 
are clear: the broadening of the measured Pb profiles 
can only be interpreted in terms of a broadening of the 
resolution profile, and, moreover, the asymmetry 
of the Pb profile (not apparent initially) must reflect a 
corresponding asymmetry in the resolution profile. 
Thus, the shape of the low-angle depth resolution 
profile may depart significantly from the predominantly 
Gaussian resolution profile assumed with normal- 
incidence geometries2~). Considerable care must be 
exercised when interpreting low-angle backscattering 
profiles exhibiting deeply penetrating tails 38.3 ~), since 
such behaviour may simply result from spurious 
surface topography and bulk scattering effects. Ideally, 
it would be desirable to measure not only the absolute 
depth resolution of a particular low-angle back- 
scattering system but the precise shape of the resolution 
profile. 

3.4. QUANTITATIVE RESOLUTION PROFILE 
MEASUREMENTS 

The asymmetric resolution profile arising from bulk 
scattering and surface topography effects and the 

normal-incidence profile for comparison are illu- 
strated schematically in fig. 8. These idealised profiles 
can be considered to arise from a single atomiclayer  
below the target surface. The system resolution can be 
taken as the fwhm of the respective profiles, dzv, as 
shown, and the depth of the layer below the target 
surface as ZT+dZ R. For near-Gaussian profiles the 
standard deviation ( ~  dz+/2.4) can be conveniently 
taken as a measure of the uncertainty in peak position, 
dZR. To experimentally approximate an atomically thin 
layer, a trace amount o fAu ( ~  5 x 1014 atoms c m -  2, as 
measured by the RBS yield) was evaporated onto the 
surface of the test sample. Of course, the Au atoms 
would probably tend to agglomerate into islands on the 
surface rather than form a uniform distribution4°), but, 
since the total amount  of Au is of the order of a mono- 
layer, the localised Au thickness is expected to be 
small. Measurements of the RBS system resolution 
profile were then made under varying sample condi- 
tions to estimate surface topography and bulk scatter- 
ing effects on the attainable depth resolution. 

Fig. 9(a) shows typical experimental (Au) profiles at 
normal and glancing incidence: here, Si samples were 
first coated with a trace amount of Au, then AI 
evaporated to various thicknesses. The shape of the 
normal-incidence (q5=0") resolution profile is not 
detectably altered by increasing the Al-film thickness 
(up to 1000 ~): the measured system energy resolution 

zT + dz~ 

scattered " ~  
layer 

Jtorget = 
surface 

a! 
~ - -  depth/energy 

Normal Incidence 
AE=t5keV  

dzT=dzG = 2 5 0 ~  

scotte ring ~ to rge t 
/ surface 

.6--- depth/energy 

Glancing Incidence 
AE = 2OkeV 

dZG=25~ , dz~=35~ 

Fig. 8. A schematic showing the broader asymmetric system resolution profile which can result when dzL -dzG for low-angle scattering 
geometries. The normal-incidence profile is shown for comparison. Typical energy resolutions,/IE, and expected and measured depth 

resolutions (dzt; and dz1,, respectively) are indicated for both cases. See text for an explanation of other parameters. 
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of A E , ~  15 keV corresponds to a depth resolution in 
AI of dZT ~ 300 A [from eq. (3)]. Below AI thicknesses 
of a few hundred Angstroms, the q5 = 85 ° RBS resolu- 
tion profile is near-Gaussian in shape (see dotted 
curve) and differs from the ~ = 0 ° profile in that the 
system A E  is slightly greater ( ~  18 keV), correspond- 
ing to a depth resolution in A1 of dz T ~45  A. For 
thicker Al layers, the q5 = 85+' system resolution profile 
develops a marked "tail'" and broadens considerably. 
For example, the profile shown in fig. 9(a), where the AI 
thickness is ~ 600/~, has A E  ~ 33 keV, corresponding 
to a depth resolution of ~ 85 ,~,. 

A second method for monitoring the system depth 
resolution has also been employed. The approach has 
been to evaporate successively onto a test sample a thin 
Au layer followed by an AI layer (<  100 A), and 
finally another thin Au layer. The RBS depth resolution 
can be estimated in terms of the ability to resolve the Au 

Q) 
Au 

I--300 

¢ . , O  ° 

Au AU o 
(be low~2OOJ~ A/) ( b e l o w - 6 O O A  At) 

l--4sX-~ r-~ esl---I 

= 85 ° @ m 8S" 

b) 
Au (4),  Au (2) Aul4) Au 12) 

i I I I 1 1 1 I l I I 
600 400 200 0 f20 80 40 0 

depth (~) depth (~)  

¢ = 0  ° ¢ ,, e5  ° 

Fig. 9. Two methods used for experimentally estimating the 
system depth resolution: (a) a trace evaporation of  Au onto the 
target; Au spectra are shown for normal incidence ( ~ = 0 ° ) ,  
and for r/~ - 85 °, with two thicknesses of  AI subsequently evap- 
orated onto the target surface. Note the " ta i l"  (arrowed) 
on the q5 = 85 ~ profile with the thick AI layer; (b) An Au-AI  Au 
"sandwich"  evaporated onto the t a r g e t ; 4 ~ = 0  and & = 8 5 '  Au 
spectra for an AI layer of  ~ 6 5  A thickness. Note the clearly 

resolved Au peaks with the q5 = 85 ° geometry. 

peaks in the Au-AI-Au "sandwich". The advantage 
of this method is that the improvement in depth 
resolution with change to low-angle geometries is more 
clearly visualized from the energy spectra. This is shown 
in fig. 9(b), where spectra for an Au AI Au "sand- 
wich" (A1 ~ 65 A) evaporated onto Si are shown: 
normal incidence cannot resolve the Au peaks, but 
q5 = 8 5  incidence enables Au peaks to be clearly 
resolved, indicating that the system depth resolution 
in this case is somewhat better than 60/~. The method 
is limited in that it is extremely difficult to evaporate 
an A1 layer of a desired thickness ( _  10 /~), and also 
that uniformity of the AI layer (and for that matter the 
thin Au layers) can never be guaranteed. In general, 
non-uniformity of the evaporated films will mean 
that the measured system depth resolution can, at the 
very worst, be taken as an upper limit of the actual 
system resolution. 

Both methods described above were used to estimate 
the depth resolution of the ~ = 85 ~ RBS system for (1) 
Si samples with different surface preparation, and (2) 
samples subsequently evaporated with surface layers of 
AI, Ge, and Au to check the effects of bulk scattering 
processes. The results are summarised in table 2 
(surface effects) and fig. 10 (bulk effects). In table 2 the 
measured resolution dz T is compared with that expected 
from eq. (3), dz6, using a detector energy resolution of 
15 keV (fwhm). The values in brackets, dzR, are the 
standard deviations of each respective profile (or 
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Fig. 10. A plot of the measured system depth resolution, dza:, 
as a function of  depth for AI, Ge, and Au targets, showing the 

loss of  resolution arising from dzB contributions. 



214 J . S .  W I L L I A M S  

TABLE 2 

Measured depth resolutions, dzT, using a (D 85 geometry for Si samples of  different surface preparation. Samples were vibratory 
polished in a slurry of  0.3/tin Ab20:~, and chemically polished in CP4 for about I ½ minutes. The initial sample* was precision mechan- 
ically and chemically polished by Dow Coming  Co. The expected system depth resolution, dz~, for a I 5 keV detector energy resolu- 
tion is ~ 4 6  A at (/J = 8 5  [eq. (3)]. The term in brackets (dzlt) is the standard deviation, or equivalent, o f  the respective profiles. 

Si surface preparation Measured resolution Scale of  dzs Profile shape 
dzT (A) (dza) (A) 

Commercially prepared* 
Vibratory polished/chem, polished 
5/ tm Di/chem. polished 
Sawn/chemically polished 
Vib. polished/no etch 
5/~nl Di/no etch 

52 (21) dzs'~dz~a near Gaussian 
52 (21 ) dzs,~ d:(: near Ganssian 
53 (21) dzs,~ d:~ near Gaussian 
77 (32) d-s~dz~;  asymmetric 

~ 8 5  d z s ~  dz(; slightly asymmetric 
90 dzs - dz~ asymmetric 

equivalent value taken from the measured profiles as 
dZT/2.4). In general, samples which were lapped and 

then chemically polished gave measured resolution 
profiles near to those expected (dz x ~ dZG), indicating 
that dzs is much less than dz 6 for such samples. On the 
other hand, the two samples which were lapped but 
not etched exhibited a broader asymmetric profile with 
dzs > dzc;. All the lapped samples (both etched and non- 
etched) gave a surface-reflected laser beam with a 
divergence less than 0.1 °, which can be taken as an 
indication of no significant long-range surface- 
fatness effects. However, the remaining sample which 
was not lapped, simply etched from a sawn surface, 
introduced a 2 '  divergence into the reflected laser beam. 
For this sample, the "scale'" of the long-range surface 
flatness is therefore known, and hence the loss of  
resolution can be estimated from eq. (3). The estimated 
value was in good agreement with the measured 
system resolution, listed in table 2. 

We can conclude from our preliminary results in 
table 2, that carefully lapped and etched Si samples 
introduce only small dzs contributions to the overall 
system resolution, enabling the expected resolution 
dzc; to be very nearly attainable in practice. The loss of 
resolution with samples not chemically polished can be 
attributed to short-range surface-roughness effects. 

In fig. 10 the measured system depth resolution has 
been plotted as a function of evaporated layer thickness. 
The oi served loss of resolution with depth can be taken 
as an estimate of the increase in the dz,  term with depth. 
For depths up to ~ 500 A in A1 and ~ 300/~ in Ge the 
measured resolution profile remains near-Gaussian in 
shape with d:  B <dzG; thereafter, a " ta i l"  develops on 
the profile as the dzB contribution continues to 
increase. As might be expected, the magnitude of the 
d:  u term increases with the atomic number of the 

evaporated layer. With the AI and Ge films, the 
presence of a small oxide component was observed 
from an "oxygen"  peak in the spectra. However, since 
the heavier A1 or Ge atoms would be the major 
contributors to single/multiple scattering processes of 
the probe beam, the presence of the oxide should have 
little effect on the measured resolutions. Of course, non- 
unifoimity of the evaporated films will tend to cause 
the measured resolution to be somewhat greater than 
the actual system resolution. The limited data for Au in 
fig. 10 were obtained by employing a trace Ge evapora- 
tion for the resolution profile, instead of the Au used 
with the A1 and Ge data. 

4. Conclusions 

It has been demonstrated that glancing-angle RBS 
is a successful and convenient method of improving 
depth resolution in the analysis of the near-surface 
region of solids. In principle, the technique is capable 
of an ultimate depth resolution approaching 20 A in 
favourable c i rcumstances-  almost an order-of-magni- 
tude improvement in resolution when compared with 
the usual normal-incidence RBS geometry. The prime 
advantage of this technique over other very high- 
energy-resolution arrangements is that the overall 
simplicity and directness of RBS analysis is preserved. 

There are certain practical limitations to the attain- 
able resolution, which must be evaluated in order to 
determine the absolute experimental resolution. It has 
been shown experimentally that surface topography 
effects and bulk scattering processes can result in a 
system resolution profile which is decidedly asym- 
metric: extreme care must be exercised in the inter- 
pretation of data where such effects are suspected. In 
some cases (particularly with samples having surface 
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i r r egu la r i t i e s  a n d  fo r  a n a l y s e s  a t  l a rge  d e p t h s )  these  

l i m i t a t i o n s  c a n  se r ious ly  d e g r a d e  the  e x p e c t e d  geo-  

me t r i ca l  e n h a n c e m e n t  in r e s o l u t i o n .  N e v e r t h e l e s s ,  by  

u s ing  ca re fu l ly  l a p p e d  a n d  e t c h e d  s a m p l e s ,  o u r  

p r e l i m i n a r y  f ind ings  i n d i c a t e  t h a t  the  e x p e c t e d  geo-  

m e t r i c a l  r e s o l u t i o n  e n h a n c e m e n t  c an  very  nea r ly  be  

a t t a i n e d  in p r ac t i c e  by  c o n f i n i n g  t he  ana lys i s  to  the  

n e a r - s u r f a c e  reg ion .  

Recen t ly ,  g l a n c i n g - a n g l e  RB S  has  been  successfu l ly  

used at  the  U n i v e r s i t y  o f  S a l f o r d  in severa l  s tud ies  o f  

su r f ace  b e h a v i o u r .  Ti le  i m p r o v e d  r e s o l u t i o n  has  been  

used  to m o n i t o r  the  s t o i c h i o m e t r y  o f  t h in  f i lms 

( <  5 0 0 / ~ )  4~), espec ia l ly  f o r  d e t e c t i n g  c o m p o s i t i o n  

c h a n g e s  c lose  to so l id  i n t e r f aces  a n d  surf imes.  Ion  

ranges3S) ,  i o n - r a n g e  prof i les  3'~) a n d  h i g h  dose  ion-  

c o l l e c t i o n  c h a r a c t e r i s t i c s  42) a re  i m p l a n t a t i o n  pa ra -  

m e t e r s  w h i c h  h a v e  all been  success fu l ly  m e a s u r e d .  T h e  

d i f fus ion  a n d  s u b s e q u e n t  b u i l d - u p  o f  i m p l a n t  species  a t  

so l id  in ter f i tces  a n d  sur faces ,  a n d  t he  use  o f  c h a n n e n  ing 

a t  g l a n c i n g  a n g l e  a re  f u r t h e r  a r ea s  w h i c h  h a v e  been  

frui tful ly '  i n v e s t i g a t e d 2 ° ) .  A m o r e  c o m p r e h e n s i v e  

p r e s e n t a t i o n  o f  these  r e c e n t  a p p l i c a t i o n s  o f  g l a n c i n g -  

a n g l e  RBS  will be  p u b l i s h e d  e l sewhere43) .  

T o  c o n c l u d e ,  g l a n c i n g - a n g l e  R B S  has  m u c h  to  offer  

as a c o m p l e m e n t a r y  r e s e a r c h  " t o o l "  to  s u p p l e m e n t  

o t h e r  s t a n d a r d  " s u r f a c e "  t e c h n i q u e s .  It  is e n v i s a g e d  

t h a t  c o m b i n e d  l o w - a n g l e  R B S  a n d  T E M  s tud ies  o f  

p a r a - s u r f a c e  b e h a v i o u r  will be  a p o w e r f u l  a n d  r e w a r d -  

ing m e t h o d  o f  i n v e s t i g a t i n g  i o n - i m p l a n t a t i o n  p r o p e r -  

ties, p a r t i c u l a r l y  in m e t a l s  w h e r e  ion  i m p l a n t a t i o n  is 

f i nd ing  exc i t ing  m a t e r i a l s  sc ience  a p p l i c a t i o n s .  

T h e  a u t h o r  is i n d e b t e d  to all m e m b e r s  o f  the  A t o m i c  

C o l l i s i o n s  in So l ids  G r o u p  a t  the  U n i v e r s i t y  o f  S a l f o r d  

fo r  t h e i r  e n c o u r a g e m e n t  a n d  wi l l ingness  fo r  d i s cus s ion  

d u r i n g  the  c o u r s e  o f  th is  w o r k .  F r u i t f u l  d i s c u s s i o n  wi th  

P. M.  H e m e n g e r ,  J. A. D a v i e s  a n d  J. C. Kel ly  is a lso  

a c k n o w l e d g e d .  G .  C a r t e r ,  W.  A.  G r a n t  a n d  J. L. W h i r -  

t o n  a re  espec ia l ly  to  be  t h a n k e d  f o r  t h e i r  adv ice  a n d  

c r i t i ca l  r e a d i n g  o f  th i s  m a n u s c r i p t .  
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