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ABSTRACT 
This paper describes the use of a channeled helium microbcam for 
analysis of damage and dopant distributions in semiconductors. 
Practical difficulties and potential problems associated with 
the channeling of microbearns in semiconductors have been examined. 
In particular, the following factors have been characterised: 
i) the effect of both convergence of focused beam and beam scan
ning on the quality of channeling; ii) damage produced by the 
probe ions; and iii) local beam heating effects arising from 
high current densities. Acceptable channeling has been obtained 
(minimum yield approaching 4%) under a variety of focusing and 
scanning conditions which are suitable for analysis of device 
structures. The capabilities of the technique are demonstrated 
by monitoring variations in local damage and impurity depth 
distributions across a narrow (<2mm) region of an ion implanted 
silicon wafer. 

INTRODUCTION 
The combination ><f Rutherford backscattexing (R.iS) and channeling 
constitute:; n powerful technique for in-depth profiling of both 
damage and impurity-concentration distributions in a wide range 
of material:;. The technique has proven to be particularly suit
able for the analysis of ion implanted semiconductors and thin 
film structures and, over the past decade, has led to an increased 
understanding of near-surface annealing and reaction processes wnicli 
arc important in semiconductor device technology ). However, the 
conventional RBS/channeling arrangement typically utilizes a mono-
energetic 2MeV beam of He ions of 1mm2 cross-sectional area and, 
as sucn, cannot bo used to directly analyse local regions on device 
structures with micron scale lateral dimensions. The aim of the 
present study has been to investigate the use of channeled helium 
microbeams for analysis of small-scale semiconductor structures. 

* Presented at 5th International Conf. on Ion Beam Analysis, 
Sydney, February 1^81. 
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In recent years, micrt-bcams have been used in many diverse applications 
*"), including analysis of biological tissue, monitoring trace elements 
in geophysical and astrophysical samples, examining archeological 
specimens and investigating intergranular processes such as high temp
erature oxidation of metals. The majority of these studies have 
employed a proton microbeam and PI XL (proton induced X-ray emission) 
analysis ) . Some studies have employed microbeams of heavier ions 
(e.g. D and 3He ) and specific l.uclear reactions to measure lateral 
variations in a desired (usually light) target constituent ). In the 
analysis of semiconductors and device structures, the region of inte^ 
rest is often confined to within 1000 A of the surface and an accu
rate depth profile of target constituents and impurities within this 
near-surface region is of major concern. Thus, the conventional 
proton microbeam and I'lVJi analysis, which provides a signal averaged 
over many microns in depth, is noc particularly useful for semiconductor 
i!c vice analysis. T.n the present study, we have combined the advantages 

of high-depth resolution RBS (and channeling) J) with the high lateral 
3 resolution obtained using the Melbourne University microprobe " ) . 

This combination has not previously been investigated for materials 
analysis but offers many exciting possiblities, particularly for the direct 
analysis of small-scale device structures. 

The production and use of a channeled helium microbeam for semi
conductor analysis poses certain practical difficulties and potential 
j.roblcins such as i) producing a finely focused microbeam with a beam 
divergence small enough to facilitate channeling {<••' 0.5 ), ii) high 
beam current densities necessary for acceptable counting statistics 
may cause excessive damage, and iii) local beam-heating effects may 
change the surface composition and structure during analysis. Each of 
these effects has been characterised during the present study. To 
demonstrate the capabilities of the technique, a channeled helium 
microbeani has been used to measure local variations in disorder-depth 
distributions across a 2mm lateral region of an ion implanted silicon 
wafer. Use has also been made of the microbcam scanning facility 
available on the Melbourne microprobe ) . Preliminary measurements 
.uid direct imaging of maps of local backscattcred yield within a 
0.5 x ().!. mm* region of a typical integrated circuit structure on 
silicon suggest that three-dimensional profiling of elemental target 
constituents is possible using a scanning helium microprobe. These 
latter experiments will be presented elsewhere. 



IXri.RltoL.TrM. DF.TAILS 

A schematic plan of the Melbourne microprobe is shown in Fig. 1. 
Details of the arrangement and performance for the production of 
proton microbeams has been described elsewhere ^ ) ; more recently 
new lenses have been installed and the minimum obtainable beam spot 
is now down to 3 - 4 ym. For production of helium micTobeams on 
this occasion a 2 mm aperture was used, which is bigger than normally 
employed. This gave larger beam currents at the expense of increased 
divergence and aberration,and therefore quality of the beam spot, 
but we were particularly interested in exploring the effects of high 
beam current density. The beam is focused onto the target by means 
of the lour magnetic cpuadrupole lenses ((}). The dimensions of the 
focused beam were measured by means of an external microscope (M). 
The beam was allowed to impinge onto a thin inspection glass placed 
adjacent to the targets for analysis and the target manipulator 
provided X-Y translation to permit accurate lateral positioning of 
the beam on target and on glass (for focusing). Backscattered 
heli.-m particles were collected by two ORTF.C solid state detectors 
Dl and D2 at scattering angles of -104 and 135° respectively. 

Detector D2 of active area 100 mm 2 provided high depth resolution 
analysis by detection of grazing-exit-angle helium particles as 
described elsewhere ). The solid angle of the detector was reduced 
by insertion of 2 mm wide slits positioned in the plane of scattering 
•') to minimise loss of resolution via kinemat'eal and path length 
broadening effects ). A Si (Li.) X-ray detector (at 135°) could 
also he used to detect characteristic ion-induced X-rays. 

The target manipulator was mounted on a rotateable shaft seal 
inserted through a bellows arrangement in the bottom of the chamber. 
This arrangement facilitated target tilt through small angles (±5°) 
independently about two orthogonal axes, both in the plane of the 
target surface. Both tilt angles could be set externally to an 
accuracy of '-0,1° to permit alignment of the targets for channeling 
of the incident beam along major axes near-normal to the target 
surface. 

For satisfactory channeling, the beam divergence must be much less 
than the critical angle for channeling which is of the order of 
0.5° for 2 McV He channeled along major axes in silicon. The 
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maximum calculated divergence angle ( (i in Fig. 1) after focusing, 
for the particular arrangement used in the present experiments, is 
less than 0.2 . Additionally, scanning of the focused i.pot over an 
area of 500 x 500 pm2 using the deffection coils Cl f.nd C? produces 
a maximum change in incident angle of only ±0.1°. Thus, it might 
be expected that satisfactory channeling could be obtained under 
the focusing and scanning conditions employed. This is indeed 
illustrated in Fig. 2, where <100> channeling spectra in virgin 
(100) silicon are shown for extreme focusing and scanning situations. 
Comparison of the random and aligned yields for each case indicated 
a minimum yield (Xmin) of ~ 4% for the unscanned large (30 x 100 urn2) 
spot and ~ 6% for the scanned small (10 urn diameter) spot. These 
values are to be compared with a calculated Xinin of ~3.5% along <100> 
Si assuming perfect beam colligation. Counting statistics are poor 
in Fig.2, since the integrated charge (*- 0.7 pC) was kept low to avoid 
probe-ion damage effects as discussed in the following section. 

RESULTS A\T> DISCUSSION 

Frc.be Ion Damage 

Initial measurements showed a gradual increase in channeling minimum 
yield with increase in accumulated charge density on target. This 
is indicative of significant probe ion damage arising from the nee -
tssarjly high beam current densities used for microbean: analysis. 
The scale of the damage process is illustrated in Fig. 3. for an un
scanned 35 x 100 pm2 beam. Each spectrum is counted (in detector 01) 
for an integrated charge of 0.7 pC , after irradiation at a beam cur
rent of 20-30 nA to a total accumulated charge as indicated on the 
respective spectra. Up to 8 pC, no change in X min (~ 4%) was observed 
but after 17 uC the minimum yield had increased to 6%. After 83 pC the 
minimum yield had increased to 55% for a 35 x 100 pm 2 beam spot. 

An increase in the instantaneous flux density (i.e. decreasing the 
beam size for the same beam current) resulted in a substantial inr 
crease in the damage rate. This effect is illustrated in Fig. 3. for 
the aligned spectrum corresponding toa If) pin diameter beam continuously 
scanned to cover approximately the same area as the unscanned 35 x 
J00 um ? spot,and at an accumulated charge of 10 uC. The higher inst-
anlaneous flux density (~ 30mA cm" 2) for the 10 pm spot results in 

d;.'iiiagi! corresponding to a minimum yield of 38%, whereas a flux density 

http://Frc.be
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of <lmA cm""2 for the 31. x 100 pm 2 spot produces little increase in 
Xinin for » similar total charge density of 10 pC in ~3500 urn2. This 
is consistent with the well-known dose rate effects observed with 

7 heavier ion implantation into silicon ). The fastest damage rate 
obtained in the present experiments occurred with an unscanned 10 pm 
beam, where an accumulated charge of only 0.7 pC provided a Xmin of 
~ 60% at a beam current of 25 nA. 

Thus, under the detector geometry and detection arrangement employed 
in the present experiments for high resolution RBS measurements, 
probe-ion damage limits the application of channeled helium microbcaias 
for semiconductor analysis. Measurements suggest that helium beams 
of cross-sectional area less than about 19 3pm 2 (unscanned) cause 
appreciable damage in silicon before acceptable counting statistics 
(~ 200 counts) can be obtained for the accumulation of aligned 
silicon spectra. However, for many applications damage effects can 
be minimised by: 

(i) scanning of a small beam over a larger area 
adjusted to correspond to the size of the feature under examination; 

(ii) choice of a detector size and geometry to 
optimise counting rate (but often at the expense of depth and/or 
mass resolution); 

(iii) dcfocusing of the beam in one dimension only 
to examine features which are long but narrow (typical of many 
device structures). In addition, qualitative observations of large 
variations in damage or over small-scale dimensions ofte'i do not 
require good counting statistics and a channeled microbeam can be 
used to provide much useful information, particularly in the scanned 
(mapping) mode. Applications of some of these methods are given in 
the examples treated in the following sections. 

Local Heating/Annealing effects 

The random and <100> aligned spectra in Fig, 4 have been collected 
from a 60 kcV, 3 x 10 l l f Sb cm - 2 implanted (100) silicon wafer using 
an unscariricd 10 pm helium microbeam. 'Ihe aligned spectra have been 
accumulated for 0.2H pC on target and normalised to the random spect
rum which was accumulated for 0.7 pC. Curve (1) shows the as-implanted 
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<100> aligned spectrum and, despite poor counting statistics, 
clearly reveals the near-surface amorphous layer (~ 65G A wide) 
under high resolution detection conditions. The yield behind this 
surface peak (dechanncling level) is a factor of ~ 3 higher than 
that expected for analysis of such an amorphous layer with con
ventional channeling using ~1 mm 2 beam dimensions. This indicates 
significant beam-induced damage during accumulation of the spectrum 
(0.28 uC) but the level of probe damage is not yet sufficient to 
mask the near-surface, pre-existing damage profi le. However, 
accumulation for ~1.2 pC of integrated charge, to improve count
ing statistics, produced a spectrum which was little different 
from a random spectrum. 

Aligned spectrum (2) was accumulated for 0.28 yC after continuous 
irradiation with a 10 um beam at 30 nA for an integrated dose of 
•12 uC. Interestingly, the near-surface layer is no longer complete
ly amorphous (comparing the near-surface yield with that of the 
corresponding random spectrum). Examination of the implanted 
sample under an optical microscope revealed that an approximately 
12 urn diameter part of the region irradiated with the helium 
microbeam had undergone ;i colour change back to that characteristic 
of crystalline silicon. This suggests that prolonged microbeam 
irradiation has effected a local aniorphous-to-cryst al line trans
ition, intimation of the maximum expected temperature rise, 
using CUJVRS calculated for continuous laser irradiation of :.iii 
con ), reveals that, the local temperature should not have exceeded 
200°C, and this temperature rise could not, in itself, produce 

g 
rc-crystallisation ). We therefore speculate that the particular 
high current density microbeam conditions have given rise to 
probe-ion induced recrystallisation of the amorphous silicon at 
temperatures well below the normal recrystallisation temperature 
(500-60f)°C in silicon) . 

The final aligned spectra (3) and (4)( r'ig.4) illustrate the damage 
distributions 25 pm and 65 pm , respectively, away from the 
recrystallised spot as indicated by spectrum (2) Spectrum (4) is 
indistinguishable from the original implanted profile O ) , but spect
rum (3) indicates excessive damage at the periphery of the recry-
tallised spot. This latter result is not yet understood but may 
derive, in part, from migration of defects out of the heavily 
irradiated spot, from a low current density 'halo' around the 
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vi ut r ;il mit rulicaii!, nr limn st rai u near the houmlary between the 

small r e c r y s t a l 1 i s t d spot ;ind surrounding amorphous s i l i c o n . BC:I~I 

annealing and damage e f f e c t s arc current ly under further stu. iy. 

Semiconductor Applications 

In Fig. S we illustrate a particular application of high-depth 
resolution channeled helium microbeam analysis of semiconductor 
damage structures. The target for analysis consisted of a 5 cm 
(111) Silicon wafer implanted with 40 kcV As + ions to a total 
dose of 1 x 10 1 6 cm - 2. The particular high dose-rate implanted 
conditions (500 uA beam current), combined with mechanical scanning 
of the wafer through a stationary ribbon beam of As* ions, has 
produced significant differences in local surface temperature, 
and hence local implanted damage structure, across the wafer during 

g implantation, as described elsewhere ). These differences in 
damage structure (or, more specifically, amorphous layer thickness) 
are manifested as sharply defined colour bands, as illustrated 
schematically on the right of Fig 5 a). Analysis on a "milky" portion 
at the bottom of the wafer, where the wafer was "cold" during implant
ation, produced a <111> aligned spectrum as indicated by the solid 
curve in Tig. S a). The silicon portion of the spectrum indicates the 

O 

expected amorphous layer of thickness ~ 900 A and, at higher backscat-
tercd energy, a near-gaussian As implant distribution. 

In Figs. S b) to e) the damage variations across a narrow 2 mm colour 
band region at the top of the wafer were monitored using a microbeam 
of dimensions 90 x 300 urn2. 

This particular beam shape was chosen (l°'ig side parallel to colour 
bands) to minimise damage introduced by the probe beam but to provide 
sufficient lateral resolution perpendicular to the colour bands to 
detect sharp changes in damage distribution. Fig. 5 b) shows a bimodal 
damage distribution consisting of a deeper com^onint at approximately 
800 A from the surface, which is not amorphous (yield riot coincident with 
the random yield), together with a surface amorphous layer of about 
450 A in thickness. Spectra 5 c) to e) indicate successive micro-
beam analyses at steps of about. 350 \>m across the upper colour band 
region and show a progressive narrowing of the near-surface amorphous 
layer with little change in the deep damage distribution. The measured 
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thii Iner.ses of the amorphous layer from these spectra wore found 
to correlate well with those inferred fron the respective inter-

9 ference colours on the wafer ). 

Detailed measurements of the As distributions across the colour 
banded region were also obtained using niicrobeam analysis and 
indicated that substantial diffusion effects had taken place 
in regions where the local surface temperature was higher during 
implantation, these corresponding to the thinner amorphous surface 
layers. Thus, analysis of colour banded wafers with a channeled 
helium microbeam can provide valuable information on local vari
ations in damage and implant distributions and hence can provide 
considerable insight into the damage and local annealing processes 
which occur under high dose rate implant conditions typical of 
those employed in commercial implanters used to fabricate silicon 
integrated circuits. 

Conclusion 

We have demonstrated that a channeled helium microbenw can be 
successfully applied to the analysis of local damage/impurity 
variations across a semiconductor wafer. Difficulties exist 
with channeled microbcam analysis, especially the severe probe-
ion damage which can result from high charge densities needed 
to provide adequate counting statistics. However, damajM; 
effect', can be minimised by careful optimisation of th< experi
mental conditions (optimum beam shape ami sire, detector 
arrangement) to .suit the particular analysis situation. Result:, 
from this study indicate that RBS and channeling using a helium 
niicrobeam may constitute a powerful analysis technique for the 
direct analysis of semiconductor device structures. 
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HGURI. CAF'IIONS (Ingarfield et a l . ) 

Schematic plan of microprobe (not to s c a l e ) . 
Object diaphragm (20-120 urn) illuminated by accelerated 
ions (up to 5 MeV). 

Aperture diaphraga (0.25-4 mm). Q: Four magnetic quadrupole 
lenses . 

Deflection c o i l s . Di ,D 2 : Charged part ic le detectors 

Si(Li) X-ray detector. 1:Target. M: Microscope 

Maximum angle of bean convergence at target . 

Channeling spectra using a microbeam of 2 MeV He under 
different scan/focus conditions. Spectra were collected 
for integrated charge of 0.7 uC in each case. 

Build-up of damage with 35 x 100 urn2 beam as a function 
of integrated charge. Beam current typically 20-30 nA. 

Analysis of 60 keV, 3 x 1 0 " Sb cm 2 implanted Si using 
an un-scanned 10pm beam. Spectra collected for 0.28pC 
or 0.7uC at approx. 25 nA (see t e x t ) . (1) As-implanted. 
(2) After 42pC irradiation with 10pm beam, showing removal 
of surface damage and build-up of deep damage. (3) 
After 42pC irradiation as in previous case but analysed 
25pm from centre of irradiated spot. (4) Same as previous 
case but analysed 65 pm from centre of irradiated spot. 

Channeling spectra, using He microbeam (~90 x 300pm2 

beam) analysis , across a colour-banded 1 x 1 0 1 6 As cm' 2 

implanted ( l l l ) S i wafer. 

a) An as-implanted sample, showing amorphous surface 
layer. 

o)-e) Series of spectra across 2mm wide colour-band 
as shown. The dashed spectra are the corresponding 
randoms. Note the change of scale in e ) . 
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