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Changes in the anomalous x-ray transmission intensity upon electron irradiation of dislocation-free silicon crystals
have been measured. The irradiation at 20 K produced large changes in the transmission of the [220] reflection (i.e.,
5%). Some annealing experiments were done. Attempts to understand the large changes suggest that some of the
point defects agglomerate forming dislocation loops during irradiation.

I. INTRODUCTION

There has been considerable interest in the de-
fect structure of silicon after electron irradiation.
The comprehensive studies of Watkins! and col-
laborators led to the following picture of the de-
fects. Several charge states of the vacancy, va-
cancy clusters, and vacancy-impurity clusters
have been identified. Their annealing behavior and
their properties have been studied in some detail.
However, little progress has been made in under-
standing the interstitial, since, according to Wat-
kins® and McKeighen et al.,® this type of defect
possesses either a very low activation energy of
migration or shows a mobility during irradiation.
Only dopant interstitials® and eventually clusters
of interstitials*® could be seen after irradiation.

The purpose of this work was, therefore, to ob-
tain further information on the behavior of irrad-
iated silicon. As an experimental tool the anomal-
ous.x-ray transmission in the thick-crystal case
was used, since this method is (i) sensitive to
single defects (especially interstitials),® (ii) under
favorable circumstances gives information on the
symmetry of the defect, and (iii) is most sensitive
to cluster formation,” In addition the annealing be-
havior of the damage-induced anomalous absorp-
tion can be studied. This is most important in or-
der to separate the contributions from the various
defects, present after irradiation, from one
another.

It is known from earlier work using anomalous
transmission that irradiation with fast neutrons at
room temperature gives large effects,® depending
on the dopant concentration and on crystal quality.
However, these findings could not be interpreted
readily in terms of a discrete defect structure.
Therefore electron irradiation at He temperature
was used in this work together with highly doped,
dislocation-free single crystals. In order to get a
measurable effect, high defect concentrations are
required. Since the defect production seemed to be
limited by saturation effects,*? coupled to the do-
pant concentration, a high irradiation dose of about
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10'%-10" e~ ecm™ seems to be necessary in order
to generate enough Frenkel pairs.

II. EXPERIMENTAL DETAILS

The experimental setup used in this work is de-
scribed in detail elsewhere.® Briefly it consists
of a line-focus x-ray beam of 0.1 to 1 mm width.
The anomalously transmitted intensity is detected
by a scintillation counter, analyzed by an electron-
ic window discriminator, and registered in a fast
electronic counter. The intensity of the primary
beam could be monitored by a second counting
channel. This system is able to measure intensi-
ties to an accuracy of about 0.3%.

The sample is contained in the usual He cryo-
stat. An exchange gas of about 1 to 1072 mbar
pressure of helium cools the sample. For adjust-
ment of the vertical axis the whole cryostat can be
turned around. Specimen rotation around the hori-
zontal axis used a gear system inside the He can
which can be operated by a chain device from out-
side the Dewar. Metallized Mylar and an alumi-
num alloy foil served as x-ray and as electron
windows. The whole cryostat could be transported
and coupled to the Van de Graaff Electron Acceler-
ator facility of the University of Illinois. A scat-
tering foil about 1 m in front of the cryostat and a
brass aperture defined the electron beam which
was monitored by a Faraday cup behind the cryo-
stat. For calibration purposes the whole cryostat
could be used as a Faraday cup.

The samples were cut with a diamond saw from
a Nonex Si single crystal grown by Monsanto
Chemical Company. The crystal was boron doped
(o type). Its specific electrical resistivity amoun-
ted to 0.27 Qcm corresponding to about 1 x10"7
atoms/cm®, The material was essentially dislo-
cation free. The Si slices had a diameter of about
2.5 cm. After cutting, the Si wafers were polished
with SiC powder and etched with a 1:1:1 mixture
of CH;COOH, HNO,, and HF. After that procedure,
two circular samples (diameter 10 mm) were
spark cut under oil out of each wafer. In order to
remove surface damage, these samples were
etched again with a solution 1:19 of HF and HNO,

1859 © 1981 The American Physical Society



1860 G. FRITSCH AND J. S. KOEHLER 23

for 1 to 2 min. The remaining part of the Si wafer
was used as a sample holder. This procedure
helped to minimize stress on the samples during
the annealing and irradiation cycles. The 10-mm
diameter samples were glued to the sample holder
at several spots. The [111] crystallographic axis
was adjusted to be perpendicular to the crystal
surface in all cases. The thickness of the samples
could be measured after the irradiation and an-
nealing procedure with a micrometer.

The annealing runs were done in the same cryo-
stat. For this purpose the liquid He flow through
the sample mount was blocked by a needle valve,
An electric heater allowed the sample temperature
to increase to 230 K with He in the reservoir and
up to 400 K without liquid He. Temperatures were
measured with calibrated carbon and platinum re-~
sistors.

Three samples were measured. They are char-
acterized in Table I. The relevant irradiation data
are given in Sec. IIl. For easy data analysis the
thick-crystal case should be used.? Hence, the
quantity p,f~20-30, where u, is the normal linear
absorption coefficient for x-rays and ¢ the crystal
thickness. Since the thickness is limited by the
stopping power for electrons, only CuKa radiation
can be used with a crystal thickness of 1-2 mm.,
Mo K« radiation would require a sample thickness
of 20 mm. 3-MeV electrons do not penetrate
through a 20-mm silicon specimen.'® This con-
straint together with the scattering geometry
severely limits the access to the various Laue
reflections. Only the [220] reflection could be
measured. In a diamond lattice the [111] and [311]
diffracted beams are accessible to measurement
in principle, but they cannot be seen in anomalous
transmission because their €,,; value is reduced
by a factor 1/v2.'' Consequently they could be
seen only in the highly strained edges in sample
Si(B) I-1. €, is the ratio of the imaginary part
of the scattering amplitude in the [kkl] direction to
the imaginary amplitude in the forward direction.
Since the anomalously transmitted intensities are
very sensitive to bending of the reflecting planes,
the Laue reflections from both sides of the planes
were measured at the same spot of the sample.
Corrections to the intensities in cases of samples
Si(B) I-1 and Si(B) 7-3 were applied using a theory

TABLE I. Sample characterization.

Thickness Annealing temperatures
Sample (mm) (K)
Si(B) I-1 1.93 +0.02 88, 68, 238, 300, 390
Si(B) I-2 2.018+0.001 105, 151, 189, 292
Si(B) I-3 1.44 +0.01 120, 200

of Penning et al.'* If we define
0 =Iy;/Irer and a=(i,t/cos6) €ny, (1)

then the following equation can be derived for the
bending parameter P:

11+6-1/a
P=3 1-6-2/a
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and for the corrected intensity I-,,,,,:
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This is true for the Laue-reflected beam. No such
correction was necessary for sample Si(B) 7-2.

The peak intensities of the Laue reflections cor-
rected for bending, background, etc. are consid-
ered to be proportional to the integrated inten-
sities.”® Since the changes after irradiation and
during the annealing are small, they are analyzed
according to the equation®

t
Ly = ohkleXp<"' Lo(l = €hkx)_—>

cos Oy

Xexp(-(u;‘ww:,s)——‘——) , @)

cos by
with €4y =mve ™" € ;.

Here Iy, is the intensity measured after irradia-
tion or after annealing, I ; describes the primary
beam intensity, u, is the normal absorption coef-
ficient for the x-rays used, 03 the Bragg angle
for the hkl reflection, and f the crystal thickness.
ude and pg are the effects caused by the defects,
where upp describes the photoelectric-absorption
part and uf,s the diffuse-scattered part of the in-
tensity. = is the polarization factor, y equals 1
for the 4n and 1/V2 for the (4n+1) reflections of
the diamond lattice (=1,2,3,...). exp(-W) is
the Debye-Waller factor and €, finally gives the
anomalous transmission effect (Borrman effect).
The quantities up; and uls depend on the defect
parameters; they are discussed in detail in Sec.
V.

III. IRRADIATION DATA

The samples were irradiated with electrons of
energy 2.8+0,1 MeV. They were turned around
after half of the irradiation dose in order to
guarantee a homogeneous defect distribution. The
range of these electrons in silicon is about 3.6
mm. Hence the crystal thickness should be small-
er than that figure. According to the expression
given by Seitz and Koehler,' the scattering cross
section for Si can be calculated once the displace-
ment energy T, is known. The results for 3-MeV
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electrons and T;=30 and 15 eV (Ref. 3), respec-
tively, are 31 and 64 b. These figures correspond
to 1.3 and 3.2 cm™ or to roughly 0.3 and 0.7 de-
fects per incident electron, respectively, for a
sample thickness of 2 mm. No orientational de-
pendence of T, was taken into account in this cal-
culation. Since a defect concentration of about
107 is necessary, the above values imply a e-
dose of about 2 10 e~,

The electron flux was monitored by a Faraday
cup behind the cryostat. The integrated flux was
taken directly from an electronic integrator coup-
led to the Faraday cup. In order to get the rela-
tion between the flux measured by the Faraday cup
and the flux incident on the sample, the assumption
was made that all the electrons which did not leave
the cryostat have been trapped by the He shield.
Together with the geometry of the aperture, an
enhancement factor of about 33 was derived (i.e.,
the sample flux is 33 times the Faraday-cup flux).
This clearly is an estimate and gives an upper
limit for the electron dose, since not all the elec-
trons trapped in the He shield might have hit the
sample.

The relevant values are given in Table II for all
three samples measured. The He-loss rate during
irradiation was about 1.8~1.9 1/h, The exchange
gas pressure amounted to about 4 X1072 Torr. The
irradiations were done at anominal sample temper-
ature of about 17 K. Sample Si(B) /-1 was acci-
dentally heated to about 40 K after 2.13 h of irrad-
iation, sample Si(B) /-2 to 92 K after 4.2 h of ir-
radiation. During irradiation sample Si(B) /-3 ex-
perienced about 19 K as highest temperature, On
the basis of the scattering cross section calculated
above and without considering saturation effects as
found by McKeighen et al.,® the expected single-de-
fect concentrations are given in the last column of
Table II. As discussed above, these values should
be upper limits of the true single-defect concen-
trations.

1IV. EXPERIMENTAL RESULTS FOR ANOMALOUS
X-RAY TRANSMISSION

All measurements of transmitted x-ray intensity
were taken at a temperature of 4.2 K. The angular

positions of the x-ray counter, as well as the hor-
izontal sample axis, have been determined by ad-
justing to maximum intensity. This procedure was
performed with the sample in reflection position at
approximately maximum intensity. Data were then
taken from a scan across the Laue peak using an
angular rotation around the vertical axis of the
sample. The counting statistics yield a statistical
accuracy of the data of about 0.3%. The maximum
intensities were corrected for background, mea-
sured at +1° relative to the peak position. In ad-
dition the data have been normalized with respect
to the monitor counting rates. Dead-time correc-
tions for the counting rate were not necessary
since the changes in the counting rate from irrad-
iation and annealing were small and the counting
rates were low (less than 1 kHz). The total error
of the intensities should amount to about 0. 5%.
Since the positioning of the beam at the sample
surface affects the intensities to some extent, care
was taken to adjust the cryostat after irradiation
to the identical position used before. This accur-
acy is about 0.01 mm, hence its influence on the
intensities is negligible.

The samples were tested prior to the measure-
ments for the homogeneity of the anomalous trans-
mitted intensity as a function of the beam position-
ing on the sample (locations). Results for the
sample Si(B) I-2 ([220] reflection) are shown in
Fig. 1. The locations for the measurements are
taken from this plot as indicated. The intensity
variation over several millimeters is about 1%.
Hence no dislocation or elastic bending seems to
be present. This statement is supported by the
measurement of the scattered intensity from the
[220] reflection which showed within 1% the same
intensity.

The annealing runs were performed by simply
heating the sample can. Therefore the heating and
cooling times are not negligible when compared
to the holding times of about 15 min. This is es-
pecially true for the higher annealing tempera-
tures. Thus the changes in intensity do not cor-
respond to the isochronal annealing method; they
can only give a qualitative understanding of the
annealing behavior.

TABLE II. Irradiation data for the three samples measured. The first four columns give the results for the irradia-
tion of the front and rear side of the samples, respectively. The fifth column represents the total dose, corrected as
described in the text. The last column gives the theoretically expected defect concentration.

Sample Irradiation front Irradiationrear Irradiation total Defect concentration
Faraday cup Corrected
Dose Time Dose Time Dose Time (Calculated)
10%%") (h) (1018¢~/cm?)
Si(B) I-1 2.67 17.2 1.87 16.82 1.5 34.02 1.4x1074
Si(B) I-2 2.47 26.95 2.47 25.85 1.6 52.80 1.6 x10-4
Si(B) I-3 2.26 20.33 2.24 20,93 1.5 40,27 1.4 x10"4




1862 G. FRITSCH AND J. S. KOEHLER 23

1481 609.709 10869
;707721 728734 730

15~ K .7I5 713 714731
P 670.709\0 707 715 722716 921
E 13— 706 .698.694.704 707/ Qr 710 70830
S 657715 .?03709.715 6961.3
= 430687711 717 713 711 711 8442
L
ol

10 12 14 16
x (mm)

FIG. 1. Anomalously transmitted intensities for the
[220] reflection as a function of the sample position.
The beam diameter was 0.35 mm. The geometrical
sample size is indicated approximately by the circle.
The statistical counting error amounts to 0.002. The
numbers given are counting rates normalized to the
monijtor counts. Locations Ly and L, are indicated.
The data refer to the sample Si(B) I-2.

Finally, correction for crystal bending was nec-
essary in the runs taken with samples Si(B) I-1
and Si(B) /-3. As discussed in Sec. II, a theore-
tical model due to Okkerse ef al.'? was used, It
turned out that the bending changed during irrad-
iation and recovered partly during the annealing
runs. The relevant parameter P [see Eq. (2)] is
given in Fig, 2.

The experimental results for the [220] reflections
are represented in Table III. These values are
corrected as discussed above. In order to facili-
tate comparison with theory, the [220] data are
analyzed with the help of Eq. (4) where the mea-
sured thickness (see Table I) has been used. In

[220] Reflection

addition the following quantities for Si have been
used®:
a=5.43 A, 0f?*°1-23,68°,
(5)

ko CuKa =141 cm™,  €y55,7=0.964.

A plot of u’= g +uds as a function of the anneal-
ing temperature is presented in Fig, 3. It is in-
teresting that the effect of the thickness in Eq. (4)
is correctly reproduced in the data, since—with
the exception of one location in sample Si(B) /-3—
the experimental u agree very well, whereas the
thickness of the samples varies by a factor of 1.4,
The dependence of 1 on the annealing tempera-
ture is not very clear cut., On the one hand the
samples Si(B) /-2 and /-3 show a rise in the trans-
mitted intensity with increasing annealing temper-
ature, on the other hand the data from sample
Si(B) /-1 remain nearly constant.

V. DISCUSSION

The real surprise is that such large decreases
in transmitted x-ray intensity are observed upon
irradiation. The average drop observed upon ir-
radiation was 5.0%. The calculated interstitial
concentration was C;=1,4x10™, assuming no an-
nihilation during irradiation. It is interesting that
Edelheit et al.® observed for 3-MeV electrons on
copper crystals irradiated at 20 K a decrease in
the [220] transmitted intensity of 4.1% when the
calculated interstitial concentration was C, 1.2
x10~%, So the changes are comparable.

There are at least two possibilities. First, the
interstitials and vacancies may be present in the
silicon as isolated point defects. This would re-
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FIG. 2. Bending parameter P for the [220] reflections derived from the measured intensities from the [220] and [220]
reflections according to Okkerse et al. (Ref. 12). Data are given as a function on the annealing temperature or the vari-

ous samples measured. The lines are only guides to the eye.
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TABLE III. Intensity ratio R of the anomalous x-ray transmission for the [220] for various
samples and annealing temperatures. The numbers given are the ratios of the normalized
peak intensities after irradiation to those before. Ly, L, indicate the various locations

measured.

normalized Imax after treatment
" normalized I'max before treatment

Sample R after irradiation R after irradiation plus anneal at T (K)
168 K 238 K 300 K 390 K
Si 0.933 0.938 0.935 0.956 0.927 0.942
1 105 K 151 K 189 K 292 K
Si(B) 0.922 0.950 0.950 0.930 0.900
2/L4
Si(B) 0.942 0.955 0.951 0.933 0.901
2/L,
120 K 200 K
Si(B) 0.985 0.971 0.954
3/Ly
Si (B) 0.964 0.951 0.932
3/L,

quire that either the interstitial or the vacancy or
both had a large lattice distortion associated with
them. Or, second, it is possible that either the
interstitial or the vacancy or both migrate atherm-
ally during irradiation. In this case the large
transmitted intensity change results from the for-
mation of dislocation loops. Young et al.® and De-
derichs’ give theoretical results which predict the
influence of point defects and of dislocation loops
on the photoelectric-absorption (PE) coefficient
u’{,E and on the defect contribution to the diffuse-
scattering (DS) absorption coefficient ,U.’,‘)S.

0.3

Defect Absorption coefficient 4z, (cm™!)

First let us consider point defects. We have
made calculations biased towards giving large
single-defect contributions. We take C=C,;=1.5
x10~* (see Table I), and we assume a large volume
change resulting from the interstitial,’ i.e., V,
=V,, where V,=20.01 A? is the atomic volume.,
Young, Baldwin, and Dederichs® give

Mpe = HoLn + 1o Cr(1 = cosh -Ry), (6)

where % is the reciprocal-lattice vector and R;
gives the location of the interstitial atom mea-
sured from a perfect lattice position. L, describes

0.2 ,
o Si(B)I-I
0,4 Si(B)I-2
0.1 O,V Si(B)I-3
0 | | | |
0 100 200 300 400

Annealing Temperature T(K)

FIG. 3. Defect absorption part for the anomalously transmitted intensities y; according to Eq. (4). The data refer to

the [220] reflections for the various samples and locations.
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the effect of the long-range strain field around the
interstitial. Young et al. find

YAV
Lh_c’(%) (1—1/ Pc . (7)

In Eq. (7) P, is an inner cutoff radius (P, =1.2
x10-'° m), #? is the square of the magnitude of
the reciprocal-lattice vector (for [220]), |h]
=3,273 x10* m~! or #%=10.712 x10%° m-%), u, is
the linear absorption coefficient which amounts to
141 cm~! for CuKa radiation and v is Poisson’s
ratio (v =0.38 for Si).° In the case of vacancies
C, replaces C;. The term u,C;(1-cosh ‘R;) in
Eq. (6) disappears, since no additional atom is
present.

Dederichs’ gives the diffuse scattering absorp-
tion coefficient for dislocation loops of radius R,
and Burgers vector b to be

C i\ ()’ i
tos = (1 2 ) e

8 317 +6v-1 2)
Xﬁ(1+ 6(1= o7 cos®0g) , (8)

where 7, is the classical electron radius (#,=1.818
X101 m), fjf describes the atomic scattering fac-
tor for x rays (ffs,,=8.665 for 8i) and n, is the
number of point defects in the loop. The latter
quantity is taken to be one for the single inter-
stitial, in general it is given by n, =bwR%/V,,
Whereas 65 is the Bragg angle corresponding to
the [220] reflection (65 =23.68°), ¢, is a cutoff
quantity defined by’

9. :(47”’0]‘.;/ Vo)/h . (9)

Equation (9) yields g, =4.6852 x10° m™ in our
case.

For single interstitials we take cosh -R;=-1.
Then we get from Eqgs. (6) and (7) up; =0.070 cm™%,
Using Eqgs. (8) and (9) with R;=2.35X10"1" m,
which is the next-neighbor distance and n; =1, we
find upg =0.001 cm™. Hence for single inter-
stitials under most favorable conditions

u' = phg + uhg =0.071 em-t.

For isolated single vacancies the situation is
quite different, since only the first part of Eq. (6)
survives. Equation (7) can be used as it stands.
However, in order to check how good this approx-
imation is, we used, in addition to Eq. (7), the
following equation for L,, restricting the sum to
the four nearest neighbors only:

L,=G3 [1- cos(R E)]. (10)

The quantities T,, describe the displacements of
the nearest neighbors due to the presence of a

vacancy. A tetragonal distortion as caused even-
tually by the Jahn-Teller effect, was applied to-
gether with an additional radial component.!'®
This assumption allows one to express the dis-
placements E, in terms of a single parameter 8
=(d -d’)/d, where d is the nearest-neighbor dis-
tance without and d’ the one with relaxation. As
an example the displacement vector’ is given by
¥ =(a/4)5(~1, -1.0) in case of the nearest neighbor
located at R =(a/4)(1, 1, 1). The third component is
not important since t is multiplied by 5220. Sum-
ming up the four nearest neighbors we get L,
=2C,(1 — cos27d). A value of 6 20.16 seems to be
reasonable.! A maximum figure would be 6 =0.5.
We evaluated up; for the two 8’s, using Eq. (10)
and for AV,/V,=0.1 (1.0) with the help of Eq. (6),
yielding upg =0.085, 0.021, and 0.002 (0.028) cm™%,
respectively. Since ppg= u{,s, it is easily recogn-
ized that under most favorable circumstances the
effect of the isolated single vacancy is similar to
or smaller than the one of the interstitial.

Watkins® has shown that boron interstitials are
present after electron irradiation. Our samples
were doped with a boron concentration of about
2x107%, A calculation yields u®<2x10"5 cm~1,

Since for specimen Si(B) /-3 one observes a de-
crease of 2.6% in the x-ray transmission intensity
upon irradiation, one can calculate u’to be [see
Eq. (4)]

u*=0,17 em™?

in the worst case. The other specimens give u’
=0.3 cm~!. Therefore single defects do not give
the observed effect. They yield, at most, results
which are too small by a factor of about 3. Con-
sequently they would predict changes in the trans-
mitted intensity which should be smaller by € =20.
However, small dislocation loops can produce the
necessary absorption. Young, Baldwin, and De-
derichs® derive for loops

Kpg = “oCL(Rg/Vo)%(hb)s/z + 1 Cp(1 - cosh 'ﬁs) ’
(11)

where C,=Cn;. As already defined above, C; is
the total interstitial concentration and n, is the
number of interstitials in the loop, whereas C,
gives the loop concentration.

For a loop radius of R,=4x10"'° m and there-
fore n; =6, we get C,=2.5x1075%, Finally, we find
from Eqs. (8), (9), and (10) uige? =0.165 cm™" and
P =0.004 cm™! so

plooP = ploop 4 yloop = 0,169 cm™?,

which is about right. The value can be changed by
slight variations of R,
Note in both calculations we have assumed that
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none of the defects are annihilated, i.e., we took
C;=1,5x10"* which represents the total damage
production. If we assume that only a quarter of
the interstitials survive, then a larger loop radius
is required. Hence if C;=3.7x10"% and we take
R,=15%x10""°m, n;=83 then

u'°°? =0,170 em~?!

F611° has seen clusters in the electron microscope
after electron irradiation at 20 K, but his fluence
was 3.6 Xx10*2e~ /cm?, i.e., about four orders of
magnitude larger than ours.

Let us consider how our results fit in with the
electron paramagnetic resonance observations of
Watkins.'*? He finds isolated boron interstitials
after electron irradiation. His boron interstitials
are supposed to be isolated up to room tempera-
ture. If his observations and ours are both cor-
rect, then some silicon interstitials go to sub-
stitutional boron atoms and others cluster. From
our boron concentration of 2 x107%, we conclude
that only a minor part of the interstitials is used
for boron interstitial production. Hence small in-
terstitial loops should be present. The mech-
anism responsible for cluster nucleation is un-
known. The fact that the decrease upon irradi-
ation observed in sample Si(B) /-3 is-smaller than
the decreases seen in the other samples may be
because Si(B) /-3 had no warm-up after starting
the irradiation procedure (see Sec. III). Clusters
produced by the heating cycle may just grow larger
and produce a bigger effect than many small ones
since the effect is proportional to ¢;n; [Eqgs. (8)

and (11)]. This was the reason for using sample
Si(B) -3 for the calculations presented in this
section.

It is difficult to explain the annealing behavior.
The general trend seems to be that the absorption
effect [especially Si(B) I-2, 3] increases with tem-
perature. This can be either due to an increasing
cluster size or to a nucleation of other loops, in-
cluding those of vacancy type. Hence one could
propose the growth of some interstitial loops at
the expense of smaller ones or the nucleation of
vacancy loops around a temperature of about 160
K according to Watkins.!'> In any case, one is
forced to believe that, if the vacancies become
mobile at 160 K their clustering must dominate
their annihilation with interstitials.

V1. CONCLUSION

The large changes observed in the anomalous
x-ray transmission of silicon during electron ir-
radiation at 20 K mean either that the point de-
fects have a very large distortion associated with
them, or that the point defects agglomerate during
irradiation forming dislocation loops.
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