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ABSTRACT

‘Cross-—-sectional transmission electron microscopy (TEM)' and MeV
He+ channelling methods have heen used to examine different damage
structures present under the colour bands visible at the surface of a
high dose rate p* implanted (111) Si implanted to a dose of 7.5 x

1015 ions/cmz,

TEM and channelling results obtained from individual
coloured regions showed a good qualitative correlation in that discrete
damage Tayers observed in the 'cross-sectional TEM' micrographs appeared
as discrete peaks in the channelled spectra. The mean depths of the
damage Tlayers obtained from these two methods were in agreement.

However, the widths of the deeper lying damage layers calculated from the
channelling measurements were always greater than the widths observed by
TEM. An emperical method based on subtraction of dechannelling back-

ground in the channelling spectra gave damage layer widths that were in

close agreement with the TEM results.
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INTRODUCTION

The present study is concerned with the comparison of transmission
electron microscopy (TEM) and channelled Rutherford backscattering (RBS)
methods to examine different damage structures occuring in ion-implanted
Si. For this purpose, a high dose rate P+ implanted Si wafer was
chosen. It has been observed by earlier workers 1-4 that if the
thermal contact of the wafer being implanted under high dose rate
conditions is not good, it gives rise to varying damage structures across
the implanted wafer due to non-uniform heating during the implantation.
This results in the appearance of bands of different color at the
implanted surface due to optical interference effects between light
reflected from the surface and from the variable depth of the sub-surface
interface at which the refractive index changes occur=2’4 These
specimens were convenient for the present experiments because they
provided several types of secondary damage layers in the same specimen,
A model for the appearance of bands of different colors at the surface of
such specimens has been réported e'!sewhere,4

In the present experiment, TEM 90° cross-section specimens were
prepared from different colored regions in the multi-colored band (this
region repreéents aifferent implantation-temperatures) to obtain 'visible
damage'-depth distributions for each color band. The nature of the
damage present in the individual bands was further revealed by 'plan
view' specimens. The nature and damage distribution beneath each
particular color band was found to be entirely different from that
present beneath the adjacent color band.

Channelled RBS measurements were also taken from each individual

color band and the results were compared with the TEM results. A good
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quantitative correlation between the results obtained from these two
techniques was observed by the use of an emperical method to analyze the

channelled RBS results.,

EXPERIMENTAL

a. Implanation

P-type, 17 ohm cm, (111) Si slices of 5 cm diameter were implanted in
a non-channelling direction with 120 KeV P” ions to a dose of 7.5 x

15/cm2, The implantation energy of 120 KeV corresponded to an LSS

10
projected range of 15007 with straggling of i530ﬁ.5 The implantation
was carried out in the MRIV Harwell-Linntott isotope separator. The
wafers were scanned through 3 cm long line focus ion beam by double axis
mechanical scanning. The details of the implantation chamber are
described e1sewhere,6 The implantation time was fixed to 10 minutes.
The maximum implantation temperature is estimated to have increased up to
400°C by the end of the scanning cycle.
b. TEM

For TEM studies, both '90° cross-section' and 'plan' view specimens
were prepared. The former specimens were obtained by cleaving the slices
from different colored regions in the multi-colored band and then
mechanically polishing followed by low energy ion-beam thinning, as
described previous?y.7 The 'cross-section' micrographs obtained
correspond to the (110) plane perpendicular to the original (111)
specimen surface plane. The 'plan view' specimens were prepared by
chemical jet thinning the spcimens from the unimplanted side using a
HF:HNO3 solution. All the TEM examinations for the ‘'cross-sectional’

specimens were performed using the bright field, strong beam diffraction

contrast method. The specimens were tilted to two beam conditions for a
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220 type reflection. Transmission electron diffraction patterns (TEDs)
were obtained to aid in the identification of the damage, using the
standard selected area method.

c. RBS/Channelling

1.7 MeV He beam was accelerated in a Van de Graff generator with
an energy resolution of +500 eV. The beam was momentum analyzed by 257
to filter the undesired elements present in it and was then collimated to
approximately 1 mm diameter spot size using'successive sets of tantalum
and stainless steel collimators. A Si surface barrier detector with a
resolution of 14 KV FWHM for (1-6) Mev particles was mounted
approximately 14 cms away from the target. The backscattered particles
were detected by the detector at an angle of 170° with respect to the
beam. The output was stored in a Tracer Northern 512/1024 MCA. For
current integration, a magnetic Faraday Cup arrangement was used. The
details of the magnetic Faraday cup set-up are given e'lsewhere.8 The
widths of the color bands varied from approximately 0.5 mm to 2 mm.
Therefore, for the channelled spectra, only the bands wider than the beam
diameter were examined. A schematic diagram showing the color sequence
of the bands is shown in Fig., 1.

In order to channel the beam into the crystal and position it at
different parts of the crystal very precisely, a special specimen stage
with five degrees of freedom; viz., two independent tilts, ¢ and o, and
independent 360° rotation with respect to the beam, each with a precision
of :_0905o and independent x and y translational movements, each with a

precision of +0.01 cm was fabricated.
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The mean depths of the damaged regions were calculated by taking the
energy difference of the surface peak and the damage peak in question,
The energy difference was then converted into the depth scale using the
energy loss tables given in Ref. 9. The widths of the damaged region was
calculated taking half width of half maximum and multiplying by 2 (see

Fig. 6) and were obtained from as recorded curves.

RESULTS

TEM:  For the specimen chosen from the part of Si wafer that remained
unheated during the implantation (marked as 'cold' in Fig. 2), the
‘cross—-section’ micrographs showed a uniform featureless damage layer 'A'
(Fig. 2a) continuous from the surface. TED pattern (micrographs not
included in the text) taken from the 'plan-view' specimen for the region
with thickness Tless than that of band 'A' (Fig. 2a), showed charac-
teristic diffuse rings, indicating that the material in band A was
amorphous. The pattern from the thicker region, that included the
material in band A and a part of the underlying substrate consisted of
diffuse rings together with single crystal spots.

For the specimens showing the green band at the implanted surface,
TEM 'cross-section' micrographs (Fig. 3a) showed two discrete buried

damage layers, Di and D The regions FT and F2 above and below

9
the Tayer D1 were free of 'visible damage' (data, Table I). The term
'visible damage' refers to the damage visible by TEM. TED pattern
(micrographs not included in the text) from the 'plan-view' specimens
corresponding to region F‘1 in Fig. 3a consisted of faint diffuse rings
together with single crystal spots indicating that the surface region was

heavily damaged and there were amorphous zones imbedded in the

crystalline matrix; however, the patterns from the thicker region that
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included regions F F,, D, and a part of the substrat

10 U Foe By
material consisted of well defined and more intense diffuse rings
indicating that the damage in the layers D1 and D2 had more
percentage of an amorphous material than in the region Fl’

For the specimens showing a violet band at the implanted surface, TEM
‘cross-section' micrographs (Fig. 4a) again showed two discrete buried

damage layers L1 and L,; however, the damage widths sequence was now

2;’
in the reverse order as compared to that in the green band specimen. The
first damage layer L1 was narrow and consisted of damage clusters and

coarse damage, but the second and deeper lying layer L, was wider and

2
had a dense structure within it (data, Table I). The regions T, and

1
T2 above and below the Tlayer L1 were free of 'visible damage.' TED
patterns( not included in the text) taken from ‘plan view' specimen gave
similar results to that obtained for the green band specimen.

For the specimen that experienced the maximum heating during the
implantation (marked 'clear' in Fig. 1), ‘cross-section' micrographs
(Fig. 5b) showed a buried damage layer 'N' consisting of small damage
clusters (data, Table I). The regions U1 and U2 above and below
layer N were free of 'visible damage.' TED pattern (micrographs not
included in the text) taken from 'plan view' specimen corresponding to
region U1 consisted of single crystal spot patterns, indicating that
the material in this region was single crystal. The imbedded amorphous
regions near the surface, as indicated by TED patterns for the previous
three specimens were no longer present. The pattern remained pratically

unchanged on going from region U, to the region that included band N

1
and part of the substrate material, indicating that the damage in the

band N was single crystalline in nature.
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RBS/channelling

The depth profiles of the damage described in this section were
obtained from the channelled spectra using the surface energy

approximation methode9

The channelled and random spectra for virgin
single crystal, shown by the broken Tines in Fig. 2b-5b are also included
with the spectra obtained from the various colored regions of the
implanted specimen in order to interpret the extent of disorder present
in the damaged regions under an individual color band.

The channelled spectra obtained from the color band regions are
described as follows:

For the region of Si wafer that remained unheated during the
implantation and is marked as 'cold' in Fig. 1, the channelled spectrum
showed only one peak with a 'flat top'(Fig. 2b). The surface peak 'S'
present in the channelled spectrum for the 'virgin' crystal was absent in
the spectrum for the 'cold' region. The scattering yield for the
"flat-top' was the same as that for the random spectrum, indicating that
the disordered region was either amorphous or randomly oriented. The
calculated mean depth and width of the damaged region is given in Table I.

For the region showing the green band at the implanted surface, the
channelled spec%rum showed three distinct peaks: Gl’ Gz, and 63
(Fig. 3b). The peak G1 at energy 0.96 MeV corresponded to the surface
peak 'S' in the channelled spectrum for the 'virgin' crystal, indicating
that the surface region was single crystal in nature. However, the
increase in the peak height (scattering yield) as compared to that of

'virgin' crystal indicated that the surface region was heavily damaged.

The peaks G2 and G3 at energies 0.9 MeV and 0.86 MeV, respectively,

showed that two distinct damage regions separated by a relatively less
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damaged region were present under the damaged surface region. The

magnitude of the scattering yield values for these peaks indicated that

the damage in the first layer was very dense and close to amorphous in

nature, hut the second damage Tayer was less dense. The mean depths and

widths of thedamage layers calculated from the spectra are given in Table I.
For the specimen showing a violet band at the implanted surface, the

channelled spectrum again showed three distinct damage peaks: Bl’ 82

and B

Fig. 4b). The peak B, at energy 0.95 Mev again corresponded

3 ( 1
to the surface peak 'S' in the channelled spectrum for the 'virgin'

crystal indicating that the surface region was single crystal in nature.

However, the height of peak B, was less than that of peak G, (Fig. 3b)

1 1
but was greater as compared to peak S indicating that although the
surface region was still damaged, the amount of disorder was less than
that present in the surface region of the green band specimen. The peaks
82 (0.9 MeV) and 83 (
damage layers separated by a relatively less damaged region. However,

0.85 MeV) indicated that there were two distinct

the first damage layer was much narrower as compared to the second. The
scattering yield values showed that in contrast to the results observed
for the green band specimen, the first nararow damage layer has less
disorder as compared to the second wide damage Tayer. Table I gives the
mean depths and widths for these damage layers.

For the region that appeared to be 'clear' and corresponded to the
region that experienced the maximum heating during the implantation, the
channelled spectrum showed only two peaks M1 and M2 (Fig. 5b). The
height and energy value of the first peak M1 was the same as that
obtained for the violet band region. These results indicated that the

amount of disorder near the surface progressively decreased as the

implantation temperature increased due to beam heating effect. The
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disorder attained a constant value at the end of the implantation cycle.

The second peak M, at an energy of 0.87 MeV showed the presence of a

2
buried Tayer of damage. The scattering yield value indicated that the
amount of disorder present within this damage layer was significantly
fess than that observed in the main damage layers of the green or blue

band., The mean depth and width of the damage layer N is included in

Table 1.

DISCUSSION

The results of the damage layers as obtained by TEM and channelled
RBS method are listed in Table 1. It is clear from Figs. 2-5 that there
is a good qualitative correlation between the results obtained by the two
methods. The discrete damage Tayers as seen by TEM appeared as the
discrete damage peaks in the channelled RBS spectra. The extent of
disorder as revealed by TEM cross-section micrographs and indicated by
TED patterns also correlated very well with the scattering yield values
obtained by the channelled spectra. For example, the TEM results showed
that the first damage layer D1 under the green band consisted of more
disorder as compared to that in the first damage layer L1 under the
violet band and‘vice versa for the second damage layer. The scattering
yield values from the channelled spectra also followed precisely the same
pattern. However, further comparison of the TEM and channelled RBS data
for the damage layers as given in Table 1 showed that, although the mean
depths of the damage layers obtained from the two methods were in close
agreement, the widths of the damage layers as calculated from the
channelled RBS method consistently gave higher values.

Energy straggling in the back scattered beam due to the damage was

first thought to be responsible for the discrepancy in the results.
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Therefore, the contribution due to energy straggling was incorporated in
the calculations previously done using the surface approximation
methoda9 An energy straggling contribution was assigned at a

particular depth based on the data of Harris and Nico‘]ete10

Although
this resulted in an improvement in the correlation of the the data, there
still was a considerable disagreement. The damage layer widths obtained
after applying energy straggling correction are also given in Table 1,

It was observed that the dechannelling of the beam due to the
interaction with the disorder nearer the surface gave a "background" at
lower energies that was superimposed on the spectra due to the deeper
damage. The dechannelling due to the surface damage had a "background"
on the lower energy side which was frequently approximately equal to half
the amplitqde of the surface peak in this experiment. Several spectra
containing single buried damage bands were also found to have
"backgrounds" on the low energy side of the peak of the order of half the
value of the peak height. Therefore, the "background" level due to each
scattering peak was assumed to be be independent of that from the others
and to have a magnitude of half the height of the peak for all Tower
energies. Therefore, for peaks, due to buried layers of damage, the half
width at half maximgm was taken at a scattering yield half way between
the background resulting from all the higher energy peaks and the top of
the peak in question. Figure 7 shows a schematic representation of the
"background" subtraction method used here. The Tlayer widths calculated
this way were in close agreement with the TEM results (Table 1). The
layer widths were also calculated by approximating the 'background' as a
smooth curve passing underneath the minima in the spectra until the curve
approached the low energy region deep inside the crystal where there was

9

no damage (Fig. 6).” The layer widths obtained this way were also in
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good agreement with the TEM results. However, the uncertainty was
considerable for the cases such as Figs. 3 and 4 where the minima in the
channelling spectra were not distributed in a manner as shown in Fig. 6.
The 'smooth background curve' could then be drawn in several different
ways. Although both emperical methods gave complementary results, the
subjective scatter in calculations was found to be much less by using the
emperical method described in the present paper.

The "background" subtraction method described above for a single
damage band was also applied to the multi-damage band case. Here a
"backgound” of half the peak height was assigned to each peak, starting

from the surface and iterating into the crystal.

Conclusions The following conclusions can be drawn from the present
study:
1. The discrete damage layers seen in the TEM cross-section
micrograph appear as discrete damage peaks in the channelled RBS

spectra.

2. The damage layers widths as obtained from the channelled RBS
spectra using the ordinary surface approximation method consistently
gives higher values as compared to the values obtained from TEM

cross—-section micrographs.

3. An emperical method based on subtraction of the dechannelling

background gives damage layer widths that are in close agreement with

the TEM results,
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FIGURE CAPTIONS
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Fig. 1. P+%(111) Si, 7.5 x 10 /cm2s 120 KeV. A schematic diagram

showing color sequence at the implanted surface,

Fig. 2. Comparison of cross-sectional TEM and channelling spectrum for

the 'cold' specimen,

Fig. 3. Comparison of cross-sectional TEM and channelling spectrum for

the 'green band' specimen.

Fig. 4. Comparison of cross-sectional TEM and channelling spectrum for

the 'violet band' specimen.

Fig. 5. Comparison of cross-sectional TEM and channelling for the 'hot'

specimen.

Fig. 6. A schematic representation of the empirical method used to

subtract the dechananelling 'background.'



Table I

TEM CHANNELLING
Upper Damage Lower Damage Upper Damage Layer Lower Damage Layer
Layer : Layer

Color

of the Mean Width Mean Width Mean Width Mean Width

Band Depth(R) () Depth(A) (&) Depth(A) (A) Depth(A) (R)

'Cotd' 980 1960 — - 1050 24003, 2370 - ——
2020¢

Green 800 870 1560 550 800 9202, 900P 1600 10409, 1010b9
850° 500°

Violet 800 340 1500 870 800 9602, 940b 1470 15202, 14900
350° 850°

‘Clear' 1270 930 1300 17502, 1720P
900°

a. Using surface approximation

b. Using surface approximation

e
>

Using surface approximation
values were found to differ

on?ym'

with energy straggling factor incorporated.

and subtracting the "background” {our emperical method). These

by *5% due to human error.

(1)

G2/0L-Td7
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