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Perfect crystal silicon samples implanted with 60 KeV Bi atoms along the

[110] surface normal direction were analyzed with X-ray standing waves. Two

reflection orders, (220) and (440) were used with synchrotron radiation to

study systematically the impurity distribution function at 5 different doses

14

ranging from 0.6 to 10 x 10 Bi atoms/cmz. The analysis reveals the

substitutional Bi position connected with a lattice expansion and the

formation of precipitates at higher Bi doses as well as estimates for the Bi

vibrational amplitude.

to be published in : Z. Phys. B - Condensed Matter 58, (1985)
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As demonstrated by Golovchenko et al. /1/, structural information about
impurities in perfect crystals can be obtained by measuring the fluorescence
yield from foreign atoms while scanning in angle through a strong Bragg
diffraction condition of the host lattice. In such a scan, the standing X-ray
wavefield, which is generated by the interference of the incident and
reflected beams and which has the spatial periodicity of the (h,k,1) diffrac-
tion planes, moves continuously by one-half of a diffraction plane spacing in
the -H direction. Correspondingly, the variation of the fluorescence yield
from impurity atoms depends on the position of such atoms relative to the
chosen diffraction planes. The basic assumption commonly made to analyze the
fluorescence yield spectra /1,2/ is that the implanted atoms either occupy
single distinct lattice sites or that they are distributed incoherently within

the substrate lattice.

However, a more detailed analysis of the distribution function of implanted
impurity atoms has to include aspects such as: impurity-vacancy interaction,
formation of impurity precipitates, lattice relaxation, and lattice distortion
around the impurity ;ites /3/. In this context it is important to realize that
the X-ray standing wave analysis using the m-th reflection order from a funda-
mental set of diffraction planes (h,k,1) will determine the m-th Fourier
component of the impurity distribution function in the direction of H. In the
present paper we have therefore applied a (220) X-ray standing wave analysis
with first and second reflection order to the Si(Bi) system at different Bi
doses well above the solubility limit. The results are compared with a
realistic model of the Bi distribution function to reach more quantitative

information about the Bi distribution.

Several groups have performed comprehensive studies of the Si(Bi) system
/4-8/, mostly using the Rutherford backscattering-channeling technique. Most

of these studies /4~7/ conclude that part of the Bismuth occupy substitutional



sites while part are displaced slightly from lattice positions. However, later
studies have demonstrated the existence af a beam cffect for As /9-11/, Sb /4/
and Bi /11/ 1in Si causing the impurity atoms to be displaced from substi-
tutional positions under the influence of the analyzing beam. This effect has
been shown to be dose dependent, and one group /8/ used this information to
perform a planar channeling study of Bi in Si in which the effect of the
analyzing beam was eliminated. This measurement concluded that Bi in §i is
substitutional, but with a narrow distribution around Si positious because of

lattice strain in the neighbourhood of the Bi atoms.

A1l of these above mentioned measurements have been performed using dopant
concentrations exceeding the solid solubility limit (8 x 10” cm_3 for Bi in
Si /12/) as is the case in the present work. Recent channeling measurement
coupled with careful thermal treatment of supersaturated Bi implants have
shown evidence /13/ that the dopant precipitates out as partially coherent
crystallites upon annealing to a temperature which is dose dependent. These
results are also in agreement with studics of the Si{(Sb) system which shows

similar effects /l14/ being most likely duc to concentration enhanced diffu-—

sion /15/ mediated by defects or vacancics.

As we will show, the result of our present study with X-ray standing waves

are consistent with such a model in which part of the Bi atoms form nrecipitates

possibly assuming a Bi hexagonal structure if they are large enough, but at
least aligned to the Si structure along the edges. Since this technique
measures the phase of the distribution function relative to the deep lying,
perfect Si planes, this model corresponds to one in which part of the dopant
atoms are distributed symmetvically around lattice sites and part are arranged

incohercntly with respect to the host lattice.

For the mensurament  of the present set of data on the §i(Bi) system with
reflection orders (220} and (440), we use a photon polarization direction
perpendicular to the reflection plane and an implantation depth und connected
straggling range of the implanted Bi each being small /16/ compared Lo the

extinction depth of the incident X-rays.

The dynamical theory of x-ray diffraction /17/ predicts that one Bloch-wave
cigenstate ol the photon is excited inside the crystal under the condition of
Bragg diffraction. For a two-beam Bragg-case and an incident plane wave Eo
cxp (—i(21|]§jj-_1_— - wt), this photon wavefield consists of two partial plane
waves. Their amplitudes are summed up to calculate the intensity I of the

total D field at the posicion r as

I(%,r) = |D0 exP(—i(EW}(U-_r_ -wt)) + Dy exp(-1{2n (_lgo+_H_)'£ -wt))] 2 {n

. 2,0, 2 1/2 . .
Setting R = !QH\ / po\ , Dyl8) = DD(R) exp(iv(3)) and p_(8) = 4nIm(K ),
where Lthe =z-axis is directed inward perpendicular to the crystal surface,
which is assumed to be parallel to the diffraction planes, gives

T(8,r) = explop (9)2) (1+R(8)+2(r(5)) 2

cos{v($)~2iH-r)) A2
R and v describe the iuteasity and the phase of the reflected wave relative to

the incident wave as a function of reflection angle & .

The probability for emission of a fluorescence photon from an atom at
position r is proportional to the wavefield intensity (3 ,r) provided the
photon energy is sufficient to excite a photoelectron in this atom. When a
specific atomic species is described by a normalized density function p{r) the

fluorescence yield will be proportional to Ie (r) I(-‘3,£]d3: where the integral



has to be evaluated over the volure V which contributes to the photon yicld.
Throughout this paper we shall assume that g (r) is only different from zero
cver a crystal depth region which is close to the surface and small compared
to the extinction depth which is defined as the minimum of p;] when the

diffraction condition is passed.

Normalization of the yield at an angle & within the range of a Bragg
reflection to that at a reflection angle with zero reflectivity, eliminates
the dependence on geometrical parameters, on cross sections, and on detection
efficiency. We thcrefore define a normalized angular dependent fluorescence
yield YH which is obtained from a standing wave measurement with a spatial

periodicity dH = l/|H| for a cubic structure, as

¥,(5,0) = |+RH(9)+2(RH(8))”2N_] {I;p (£)cos (v (8)-2uH ) r (3)

N gives the total number of fluorescence selected atoms with fn(:)djr = N,
being implanted impurity atoms in our present study. H-r gives tﬁe position in
units of the diffraction plane spacing and it is convenient to introduce a
coardinate 2y {in the direction of 2z} perpendicular to the plane by zy =
(n+zR)dH, where the integer n tuns from zero to infinity and = Ad/dH. The
integration of p{r) in a plane parallel to the diffraction planes delines a
zydependent distribution function P(z"}with { P(z”)dzH = 1. We further intrn-
duce the reflection order m of the first non gorbidden reflection H in () and

get

=8 = [ 1/2‘) Yens ! P
Ym(u,ZH) = I&Rm(d)+2(Rm(9)) J 1(zH,cnh(vm(9)+27 mAH/dH)dzH (4)
2
H
For simplicity we have omitied the index H from all quantities which are
already characterized by subscript m. Replacing the cosine ia (4) by the sum

of two exponentials shows that the interference term is proportional 1o the

m~th Fourier component

Fm(P) = i P(zR)exp(2v1mzR)dzR = fc mexp(2v1¢c,m) (5)
of the ﬁ{projected density p(zH)_ We can thus write

1 (Sg) = LR (2R ()26 cos(o ($1eamd o) )
In our standing wave analysis the measured yield data Y:(&) are given a least-
square fit to (&), Rm(3] is simultaneously measured with Ym(%) and vm(ﬁ) is
calculated from dynamical theary /17/. The result is expressed by fc'm and ¢c,
which are called the coherent fractien and coherent position, respectively,
and which are the amplitude and phase of the m-th Fouricer component of the

zﬁprojected density function of fluorescence selected atoms.

A realistic model for P(ﬁg in the case of implanted Bi atoms in Si(110) has
to express broadening by thermal vibrations, possible lattice distortion in
the vicinity of the Bi atoms as well as concentration dependent lattice rela-
xation which will change the lattice constant in the implanted region relative
to that of the bulk planes. These later planes determine the periodicity of
the standing wave pattern. Furthermore, a fraction Au of the Bi can remain
randomly distributed with respect to the wave [lield periodicity. This is for
example the case when the surface of the sample is covered by some disordered
oxide layers which can also trap some Bi. To simplify the analysis we shall
assume that (1*Au) atoms are occupying one lattice site only on the scale of
Zg-

The following convoluted distribution function includes these diflerent

aspects:

m
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P(ZR) = ASPT(GT’ZR)QPD(GD'ZR)QPI(ZL‘,O'ZR)+AU s (7)
where Au+As = |. Thermal vibrations are represented by a normalized Gaussian
distribution with
_ /2 _ -1 2., 2
PT(cT,zR] = ((2m) OT] exp( zR/zaT) (8)
with
2., 1/2
O = (<uH>) /dH (9

where (<u‘:">) 1/2

is the Bi root mean squarc vibrational amplitude in the H
direction. The distortion profile P, can also be approximated by a Gaussian
with a standard deviation Ops and the function Pr(zr,h’zk) which describes the
effect of lattice relaxation on P(zR) is determined by the concentration
profile of the implanted atoms which is also Gaussian like in ZH-direction

/16/. A concentration proportional lattice relaxation causes a shift of the

doped lattice ©planes relative to the underlying undisturbed crystal

diffraction planes. A quadratic expression
i} -3 .2 2
Pr(zr,o'zk) = 3/4 (zr,o) (zr,o zR) (10)

is a reasonable approximation for the resulting relaxation profile. The coor-

dinate CEN describes the mean integrated lattice expansion.

By using the convolution theorem of Fourier transformaticns we write fe ™
,

of (6) as a product of the amplitudes of the m-th Fourier components of P'l“

PD’ and Pr'

e Irmfbomfem ()

Thesc corresponding amplitudes can be evaluated as follows:
f =D = exp(*Zsz‘lOi) (12)

which is well known as the Debye-Waller factor. The product with FD m C2P he

written as

2

f = f f = cxp{~-2n 2rn2(0'I

2
G,m T,m D,m 4OD)) . (13)

For the Fourier amplitude of B_we obtain
f = 3{2imz )_3(sin(2ﬂmz )={2%mz_ Jcos(2Tmz_ 1)) . (14)
m T,0 xr,o r,o T,

r, [}

Only the Fourier compounent of Pr has a phase ¢ m different from zero since
)

the Gaussian used for PT and PD is a real and even [unction. Therefore ¢-C o
'

m=2z .
r,o
Although the distribution function (7) contains several independent
parameters wc shall show that multiple order x-ray standing wave measurements
coupled with systematic dose dependent measurements can be used to charac-

terize the distribution function.

The experiments were carried out at the ROEMO instrument of the Hamburg
Synchrotron Radiation Laboratory HASYLAB using the storage ring DORIS as a
radiation source. The white incident synchrotron X-radiation beam {SXR) was
monochromatized by a slightly dispersive double crystal monachromator (see

Fig. 1). The first crystal X] was a symmetric Ge(220) crystal reflecting in



first or second order and the planc wave generating second crystal X2 was

Silicon(220) with an asymmetry factor (l:-)”2 + 3.6 or Silicon(440) with an

)”2 = 2.3 for the (220) and (440) measurcment, respective-

asymmetry factor (b
ly. b is defined as the ratio sin(&Bﬂj)./sin(-BB—;p), where & is the Bragg angle

and ¢ the angle between the diffraction planes and the surface.

The monochtomatic photon beam with an energy of E = 15.4 keV and 15.2 keV
and a vertical angular collimation of 3.6 prad and 2.2 prad for the (220) and
(440) case, respectively, was impinging on the implanted Si sample crystal XS
illuminating an area of 14 mm2 and 140 mm2 respectively. The area was chosen
by collimators S2 and S3. The sample was placed on a goniometer which was con-
tinuously rocked back and forth in angle § through the rocking curve with a
sweep frequency of 0.1 Hz, while a Si(Li) solid state detector (SSD) simul-
taneously collected approximately 0.3 srad from the scattered spectrum,

emitted by the implanted crystal. A Nal detector and an ion chamber I, were

2
used to measurte the crystal reflectivity. These data from II' I?, $3D, and Nal
were stored inte a multi-channel analyzer operating in a multi-spectrum-sca-
ling mode. The BSSD was aligned such that it detected the horizontally
scattered phatons perpendicular to the vertical reflection plane to reduce the
Compton and TDS spectral contribution, since SXR is lirnearly polarized with

the E vector pointing horizontally. This instrument is described in detail in

/18/, 19/ and /20/.

The samples were implanted at room temperature and 60 keV energy with Bi

atom doses ranging from 6 x 10I3 to 1.0 x |0IJ Bi atoms/cmz. Subsequently,

they were annealed in four stages in & dry N, atmosphere. First they were

2
brought in 30 minutes ta 775°C, a temperature which was then held for 30

minutes. The cooling process was gradually carried out in 60 minutes down to

500°C and finally down to 50°C in 120 minutes.

The rocking curves and fluorescence yield data shown in Fig. 2 were
measured at a DORIS energy of 5.0 GeV and a medium electron current of 25 ma.
A signal from a random pulse generator was used to correct cach spectral region for
deadtime effects which were caused by the slrongly varying count rate. The
background in the spectral region of the Bi L lines was determined for such
run by a reference measurement for which the non-implanted backside of each
sample was used. Pb and Pt lines, although being present with a low signal,
had te be taken into account especially for the lower Bi dose measurements.
Because of (hese ncighbouring lines the background below the Bi lines was
approximated by a quadratic polynomial and subtracted from the total peak area
to determine the Bi yieid instead of using a Gaussian peak fit procedure.
Accordingly the data shown in Fig. 2 were normalized to the pulser signal and
to the primary monochromatic SXR intensity, corrected for spurious fluores-
cence lines and were normalized to the fluorescence yield obtained for zero
reflectivity. A 12-¥it of (6) to these dala is also shown in Fig. 2 and the

parameters % and fc are listed in Table | for H = (220) and (440)}. The

o, H >H

angular scale was determined by a Xz—fit of the reflectivity curve to the
theoretical expression inferred from the dynamical theory of X-ray diffraction
and convoluted with the monochromator angular emittance. As can readily be
seen [ and f deviate from each other for all Bl doses and increase

c,220 c,440

with decreasing impurity content. All measured phases.-‘bt u deviate from zero but
"y

as expected this is most pronounced for higher impurity concentrations since
the iuntegrated lattice expansion Iincreases accordingly. A mean integrated
lattice expansion <Ad> was determined from a weighted average ofg an

P / aweig g2 o1z 220 2% 440
and is also listed in Table 1. These measured values of the lattice relaxation

were used to deducc paramcters fz according to (11) and (13) by the

. T -~ .
= f R ove
relation fc,H me G.H However , this  procedure hardly changes the

JH

amplitudes.



From (11) and (12} we may determine the standard deviation of the Gaussian

distribution caused by thermal vibrations and distortion as

r

c,&hO) ) (is)

o
1
a
+
Q
1

2 r
1/(677) 1n (fc,zzolf

The results listed in Table | do not show a proncunced dose dependence. Even
the highest dose value only deviates slightly from the dose mean value <g2>
which was used to calculate substitutional fractions As,220 and As,aao and the
weighted average A_, also listed in Table ), by using the relation As,H = fZ,H
D;l(<oﬁ>). To demonstrate the close connection between lattice relaxation and
the total number of Bi atoms on substitutional sites, a parameter T, < Ad>

/ASI Bi-dose is also included in Table 1| and remains constant for all

measured Bi concentrations.

This point is further illustrated in Fig. 3. The linear dependence in a
semi-logarithmic plot of the substitutional Bi amount and lattice relaxation

on the total amount of implanted Bi atoms is remarkable.

As shown in Fig. & the results of the present X-ray standing wave analysis
can be ditectly compared with Rutherford backscattering studies from Campisano
et al. / 3/. The dependence of the substitutional Bi fraction AS on the total
Bi dose is very similar for both studies. The visible deviations for higher Bi
concentrations can be caused by a differemce in the applied annealing
processes, since the precipitation is diffusion controlled and therelore

depending on the annealing temperature, time and cycle structure.

From these results it can be concluded that a supcrsaturated solid solution
of Bi in §i is formed up to a dose of about 10" Bi atoms/cm2 (Fig. 4), with

an exclusively (within the present error bars) substitutional Bi site. The

increase of the randomly distributed Bi fraction in connection with the linear
increase of the total substitutional Bi amount anc of the integrated lattice
relaxation with increasing total impurity dose finds a proper explanation in
the formation of precipitates. Since their formation does not effect the sili-
licon lattice relaxation in a distinguishable way, one can conclude that they
align well with the silicon lattice. The lattice relaxation which is caused by
the substitutional fraction can be calculated to be (0,08 + 0.01)&/10' sub-

. . . 2
stitutional Bi atoms/cm”.

There is no significant indication from our data that anything else but

thermal vibrations cause the Gaussian-like distribution profile characterized

. . r r
by <&% which leads to the differences between fc’220 and fc,ﬁAO' We may thus
calculate the Bi root mean square vibrational amplitude at 300 K to be
(<u§20>)”2 = (0.16 + 0.04)8 which is a reasonable result in comparison to the

corresponding bulk values of Si (0.08 &), vhen the larger Bi mass is taken

into account, znd Bi (0.11 &).

This picture is consistent with our measurement up to concentrations of 7 x

IOIélcmz. The highest dose result at lﬂlsfcmz. however, possibly indicates

that a further modification of the distribution function is needed at higher do-

2 - . . .
ses. The G value is high in comparison to the lower dose values and the Ad220
A i & ] E 1 i
and d440 result inferred frc“‘HZZO and%,hbo show a remarkable deviation from

each other Only more systematic measurements at such high doses can clarify

this aspect.
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Figure Caplions

Figure |

Figure 2

Figure 3

Figure 4

Fxperimental arrangement {schematic). For detailed description see

text.

Measured and c¢alcnlated reflectivity and Bi fluarescence yield

curves for (a) Si(220) and {(b) Si(440) reflections. The yicld

curves of crystals with different Bl implantation doses were
. 15, 2 .

shifted for doses snaller 10 “/em™ on the fluorescence yield

seale.

Measured mean integrated S$i lattice expansion and the measured
amount of substitutional Bi atoms as a function of total implanted

Bi dose.

Measured substitutional fraction of Bi atoms as function of total

implanted Bi dosc.
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