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High-energy x-ray diffraction study of pure amorphous silicon
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Medium and high-energy x-ray diffraction has been used to study the atomic structure of pure amorphous Si
prepared by MeV Si implantation into crystalline silicon. Both as-implanted and annealed samples were
studied. The inelastically scattered x rays were removed by fitting the energy spectrum for the scattered x rays.
The atomic scattering factor of silicon, previously known reliably up to 28, Aas been extended to 55 A
The radial distribution function of amorphous Si, before and after annealing, has been determined through an
unbiased Fourier transformation of the normalized scattering data. Gaussian fits to the first neighbor peak in
these functions shows that scattering data out to at least 40sfrequired to reliably determine the radial
distribution function. The first-shell coordination number increases from 3.79 to 3.88 upon thermal annealing
at 600 °C, whereas that of crystalline Si determined from similar measurements on a Si powder analyzed using
the same technique is 4.0. Amorphous Si is therefore under coordinated relative to crystalline Si. Noise in the
distribution function, caused by statistical variations in the scattering data at high-momentum transfer, has been
reduced without affecting the experimental resolution through filtering of the interference function after sub-
tracting the contribution of the first-neighbor peak. The difference induced by thermal annealing in the remain-
der of the radial distribution functions, thus revealed, is much smaller than previously believed.
[S0163-182609)00943-1

[. INTRODUCTION distribution functions with high spatial resolution are needed
to discriminate among models for the actual atomic structure.
The atomic scale structure of amorphous solids, whichrhis resolution is also essential in revealing subtle differ-

have no spatial periodicity, yields diffuse diffraction pat- ences among samples prepared and annealed in various
terns. x-ray neutron, and electron diffraction experimentsvays.
have been used to characterize the structure of such materi- Synchrotron radiation sources have made available high-
als. From the Fourier transform of the diffraction pattern, aintensity photon beams at wavelengths much shorter than
correlation function between pairs of atoms, the radial distrithose used for conventional x-ray scattering experiments.
bution function(RDF), can be deduced. The RDF is, to a Thus much larger momentum transfe@s =4 sin@/\, are
certain extent, a very useful representation of the topology occessible, which in turn makes much higher real-space reso-
an amorphous network, as it contains information such as thieittion of the RDF's possible. In the present study Qe
characteristic distances associated with different neighbarange was extended to 55 A which corresponds to a real-
pairs, the mean bond angles, and the coordination number space resolution of 0.1 A. However, the use of high-energy x
the first-neighbor peak. However, it is a one-dimensionarays introduces a number of experimental difficulties. At
representation of the structure of amorphous solids becaudggh Q, the Compton contribution to the total scattering is
of their isotropic nature. In order to discern the three-often considerably larger than the coherent contribution for
dimensional atomic structure, one must construct modelsasmorphous materials composed of light atoms like Si. In
such as continuous random netwbik(CRN) models, and order to extract the integrated elastic scattering, it is impor-
compare their RDF's with those obtained experimentally.tant that one is able to separate the Compton from the elastic
Structural models that are quite distinct may therefore yieldscattering. Also, the atomic scattering factég;, for Si is
RDF'’s that are only slightly different. Hence, accurate radialnot well determined forQ values beyond~20 AL This
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problem can be dealt with relatively easily for amorphous TABLE I. lon energies and doses used for amorphizing a
silicon by using an analytical procedure to extefy] to ~ 12-um surface layer ot-Si.
larger Q, assuming that the scattering data are sufficiently
accurate at higlQ. In addition to problems associated with 'on Energy
measurements at high x-ray energy, there are other inhereﬂ\(lev)
difficulties that are present when constructing RDF’s fromfjuence 5¢ 10'° 6x10% 8x10° 9x10%
the diffraction data. In particular, the Fourier transform of a(si ions/cnf)
finite collection of data suffers from termination effects.
These can be reduced by damping functions, but at the price
of reduced spatial resolution. Alternatively, a samplingneighbor coordination number, diffraction data out to at least
method can be used. Finally, careful attention should be paid0 A in Q is required. The majority of results presented in
to the accuracy of the instrumental alignment, sample mounthe literature(for amorphous materials in generalo not
ing, statistics, correction procedurédead time, absorption, extend beyond 25 A'. We find that amorphous silicon is
multiple scattering, and so gnand data analysis as each of slightly under coordinated with respect to a fourfold coordi-
these can introduce experimental artifacts in the final RDF.nated continuous random network, which explains why
Another aspect of the accuracy of the RDF of amorphougimorphous silicon is less dense than its crystalline counter-
Si involves the obvious need for amorphous material of highpart. The high-resolution RDF’s also allow us to resolve a
purity and good homogeneity for the scattering experimentlong-standing issue directly related to the atomic structure of
Early measurements of the RDF afSi (Refs. 10 and 1l amorphous silicon, namely the nature of the structural relax-
concluded that evaporate@-Si contains voids. Other ation induced by thermal annealirig h at 600 °G.%* This
studie$?~1” used material containing significant amounts ofstructural relaxation can be understood as the removal of
impurities such as O, Ar, or H. Plasma- or chemical-vapor-about 2 at. % of point self-defects, which contradicts an ear-
deposited hydrogenateaSi, though of very high quality lier description of structural relaxation in terms of a reduc-
electronically, contains by design a few at. % of hydrogention in the average bond-angle distortion—a view that im-
Amorphous silicon made by sputtering typically contains aplies that every atom contributes equally to the structural
similar percentage of the sputtering agent, wheresdi  relaxation.
made by vacuum evaporation tends to peel off the substrate
even before the layer thickness reaches one micron. More Il. EXPERIMENT
importantly, almost alla-Si made by deposition techniques
contains void¥ ! that may reach several nm in size and
represent a volume fraction of several at. %. This means that
a considerable fraction of the atoms sit at an internal surface Edge-supported amorphous silicon membranes were
and are not fully coordinated. The origin of the void structureprepare® by implanting(100 p-type Cz silicon substrates
may be related to the fact that every atom in the depositedresistivity of 1-100) with Si* ions at different energies
a-Si was a surface atom during some stage of the depositioand dosegsee Table )l at liquid nitrogen temperature. The
process. One way to avoid the inclusion of voids is to preimplantations were carried out at the 6 MV Van de Graaff
pare a-Si directly from the crystalline or liquid phase. For Tandem Accelerator located at the Universie Montrel.
this study we used MeV self-ion implantation, which typi- The samples were then chemically etched from the back side
cally yields only a few microns o&-Si. By using several of the implanted surface, in order to remove all the crystal-
implantation energies for the silicon ions, the thickness ofline substrate, using a solution of KO[20%) at a tempera-
the amorphous layer can be extended to greater thamml0 ture of 80°C and under continuous magnetic stirring; the
Recently, small angle x-ray scatteriff§AXS) measurements etch rate was about 1,2m/min. The KOH temperature was
on a-Si made by such multi-MeV ion implantatibhdemon-  held constant during the etching process. This procedure re-
strated the void-free nature of this material. Interestingly sulted in purea-Si membranes of 10 and Jdm thickness as
studies ora-Si prepared by ion implantation, which is free of measured by interferometry and energy loss of energetic pro-
voids have shown that the amorphous state is less #feftse tons. One of the two samples was then annealed under
than the crystalline state with a density deficit of 1.8%, andvacuum at a temperature of 600 °G foh in order to induce
this deficit remains the same for as-implanted and thermallgtructural relaxation. The other sample remained ‘“as-
annealed-Si. implanted.” Raman spectroscopy was performed on the
In this paper, we will describe a detailed study of theetched interface to make sure that no crystalline material was
determination and analysis of the RDF of amorphous silicoreft. Elastic recoil detection in conjunction with time of flight
in the as-implanted and annealed state, compared with that @fas used to check the concentration and the depth profile of
a crystalline silicon powder under similar experimental con-trace elements at the etched interface, and it was found that,
ditions. The experimental details of the high-energy x-rayapart from a small surface contamination, the concentration
scattering measurements coverin@ aange from 0.03to 55 of C, O, and H was less than 0.1 at. %.
A1 as well as the details of the data analysis will be dis- After the chemical etch, a slight buckling was observed of
cussed. In addition, we will present a method for removingboth membranes. BecauaeSi is less dense tharSi, both
the Compton scattering, describe how the atomic scatterinthe amorphous film and the underlying substrate are some-
factor fg; can be extended to larg€), and demonstrate a what stressed after the ion implantation. From wafer-
procedure for filtering noise from the RDF. Our results showcurvature measurements during the implantation, it has been
that even for fundamental information such as the nearesshown that the stress is largest just before a continuous

0.5;1.5;2.0;3.5 5;7,9 11.5;14;17;20 23;27

A. Sample preparation
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FIG. 1. Schematic diagram of the experimental configuration.

amorphous layer is formed, and that the stress relaxes B. X-ray diffraction

through viscous ﬂc.)W of tha—Si.(even.at liquid nitrogen The experimental arrangement for the diffraction mea-
ftemperatL_Jrezszl during  and |mmed|ately a]_‘ter the surements is shown schematically in Fig. 1. It incorporates a
implantatior.” However, not all the stress IS re||eve<_j, andfocusing and monochromating system which consists of a
we observe that after removal of the crystalline backing, th i(111) double-bounce monochromator with a sagitally bent

membranes are indeed slightly larger than the circular hol d tal for f ing th b horizontall
they are spanning, which leads to the slight buckling of the>€conad crystal for focussing the x-ray beam horizontaily

membranes. Both membranéas-implanted and anneajed doWn t0 1 mm. The slits§, andS,) just before the sample
were similarly buckled. The x-ray scattering was performedVere used to defea 1 mmhigh and 3 mm wide incident
roughly in the middle of the membrane, far from the edgesP€am. A Nal scintillator placed betwes and the sample
where the stress should be almost completely relieved. R&vas used as a monitor. The samples were placed in a Displex
man scattering on these same posititreported in Ref. 28 cryostat(Model CSA-202A mounted on Huber 6-circle dif-
showed a TO-like ban¢and shift induced by annealings fractometer to cool the samples to 10 K in order to minimize
would normally be observed ia-Si. We believe, therefore, thermal atomic vibrations, which damp the structure factor
that mechanical stress does not play a significant role in th&(Q) and thus broaden the peaks in the RDF. A beryllium
different atomic structures observed here. In fact, since thean under vacuum was used to cover the sample holder sys-
majority of work ona-Si concerns thin films on a substrate, tem, preventing condensation and air scattering.
mechanical stresses should play a much smaller role here, The measurements @Si were carried out at the station
than in almost all experimental results published to date. A2-wiggler beamline of the Cornell High Energy Synchro-
High-purity silicon powderreference 640b from the Na- tron SourceCHESS, Wilson Laboratojy In order to cover
tional Institute of Standards and Technoldgyith an aver-  a large region inQ space from 0.5 to 55 AL, four x-ray
age particle diameter less than &éh was used as a crystal- energies(13, 21.74, 43.57, and 60.1 keWere used in re-
line reference sample. The silicon powder was pressed ontofection and, for the low®@ scans, transmission geometry.
1.5-cm diameter polished digkhickness of 2 mr A solu-  With this choice of energy and geometry, it was always pos-
tion of 1% of solvent based adhesive, diluted with acetonesible to resolve experimentally the incoherent Compton scat-
was used to hold the fine silicon particles together. Sinceering from the coherent elastic scattering. Thecans were
only a very small amount of the solution was used, less thataken at regular intervaldQ=0.025 A1, Table Il summa-
1 ml, the scattering from the adhesive can be safely ignoredizes the experimental configuration of this experiment. The

TABLE Il. Experimental parameters for x-ray scattering of amorphous silicon.

Region | Il Il \Y \%

26 (°) 59-130 45-130 54-130 44-129 4-57
QA 30-55 17-40 10-20 49-11.9 0.5-6.25
AQ (A™Y 0.025 0.025 0.025 0.025 0.025

E (keV) 60.1 43.569 21.74 13 13
Geometry Reflection Reflection Reflection Reflection Transmission

() 44° 44° 44° 40° 100°
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Q range measured at each energy was chosen to have over- __T00 ¢ ‘ ‘ ‘
lapping regions between the scans. During each measure- © 600 | fi\ O MCAdata
ment the sample position was maintained at a fixed atgle § 500 [ l [ PR tc%tﬂ,:ifm fit
(angle between the incident beam and the samplee scat- § 400 | / i} -7 elasticfit
tered x rays were detected using an intrinsic Ge solid-state ; 300 b H l ]
detector with a 160 eV resolution. The signal from the de- G 200 | H
tector was processed by a multichannel analy®€A) and 2 400 7
a complete energy scan was recorded for each valu@ of = 0 i !
thus allowing the Compton scattering to be removed. 34

The powder diffraction measurements on crystalline sili- 3
con were carried out at the CHESS C station using a 40.7- o
keV x-ray beam. The same experimental setup described = Y34 36 38 40 42 44 46
above for the amorphous samples was used for this experi- Energy (keV)

ment, except that the measurements were all done in trans-

mission. Two sets of multiple scans were performed: First, a FIG. 2. Total x-ray scattering energy spectraQat 40 A" as

Q range from 8 to 35 Al was covered at reguld steps of mea_suredopen squaresanql fit(lines). Bottom panel shows residu-
AQ=0.01A"%, then a second one for lo@-scans from 1.5 @ls(incident x-ray energy is 43.6 keV

to 10 A" at AQ=0.005 A", For the second series of scans, _
the beam was attenuated so that the Bragg peaks did n¥thereCr, Co are the true and observed number of counts in
saturate the solid-state detector. The powder scans were péhe detecting system, respectively arid the dead-time con-
formed using a#/26 geometry with an offset applied to the Stant. Both the monitor and the solid-state detector were cor-
sample angleg=6+offset, whered is half the scattering rected for dead time. The respective dead-time constgnts
angle . The offset was varied for each scan by 2° to a totaland 74, were determined by the multiple-foil methu2°
range of=8° in order both to minimize texture effects often Typically, 7,~6 us, while the values forry values were
observed for powder crystalline samples and to obtain a betanging from 15 to 3Qus for the range of x-ray energies used

ter powder average. during the experiment.
For both the amorphous and crystalline Si measurements,
multiple scans were recorded. Each scan had sufficient Compton correction

counting statistics for a full analysis including the Fourier
transform and peak fitting of the resulting radial distribution =~ The Compton inelastic scattering intensiQ) was sub-
functions. This allowed us to determine the variance in thdracted form the experimental MCA energy spectra using a
fitting results and use those to estimate the uncertainty in théitting procedure developed previougly.Basically, the
final results. MCA spectra were fit using a function of the forf(x)
=E(x) +Cy(x) whereE(x) is an asymmetric peak function
II. DATA ANALYSIS corresponding to the elastic peak aGg(x) is a theoretical
Compton profile  derived from the impulse
The corrected intenSity for both the amorphous and th%pproximatiorﬁs_:'}OThe Shape parameters for the asymmet_

crystalline powder samples is of the form ric peak function were only determined once for each x-ray
energy, whereas the Compton profile was calculated for each
o= lexp (1_'31 (1) scattering angle 2 The fits to the energy spectra were
M(O)A(O)V(0) P(O) | achieved with only two free parameters, namely, the ampli-

tudes of the elastic and Compton contributions. The ampli-

where l e, is the experimentally measured elastic mtens!tytude of the Compton scattering was included in the fit be-
corrected for background, dead time, and, for the crystalline , L .

: . . . . . cause, although the impulse approximation gives accurate
Si, multiple scattering, and illuminated volume as wgllis

. . . . shapes for the Compton scattering profile as a functiorgpf 2
thf fraction of po'?‘”zeo' X ray(58—0.9_3 for A2 stgtlon and it underestimates the intensity at lar@e Figures 2 and 3
=085 for.C station M(0) t.he multlple scatteringi\(9) show examples of the fits for low- and highscans. After
e e heast iy o e e G eah eneroy Speciur, ) as subracted o h
no need f;Jr this correction. Each of these correction termSpectrum and the spectrum was integrated to get the true
: . y . %xperimental elastic scattering intensity. The purpose of the
are discussed in the following sections. asymmetric peak function was solely to aid in the separation

) ) of the Compton and elastic contributions.
Background and dead-time correction

In order to make accurate corrections for the instrumental Multiple scattering

background, some measurements were made with the sample ) ) ) .
removed, but with the full sample environment in place in- A multiple scattering correction was performed to obtain

cluding the sample holder. In general, the dead-time corred® €xperimental singly scattgred elastic intenit. The
tion factor for the counting system used can be expressed a@!/lowing correction was used:

C i
0 I mes ( 3)

Cr= 1—Cor’ 2 exp single— (1+—F\’) ,



13524 KHALID LAAZIRI et al. PRB 60
120 | ‘ TABLE Ill. Experimentally determined absorption coefficient
9 100 O MCAdata ] for silicon.
‘.2 b — total f:t o
r ——- compton fit]
3 80¢ © "~ elastic fit Energy(keV) 60 43.569 21.74 13
L 60l 1
=2 40 ,u,(cmzlg) 0.0164 0.490 3.7718 13.643
/] L i ]
c [ o ¥
8 2L LN .
] f N /\\ .
T 0 b wa@"/{( - Volume correction
120 125 130 135 140 L .
- ‘ } A volume correction is needed to correct for the fraction
2 E P M I ] of irradiated volume seen by the detector as defined by the
@ .t w VT w . slits in front of the detector, and it varies with scattering
120 125 130 135 140 anale. 2
Energy (keV) gle, 4,
2 2
FIG. 3. Total x-ray scattering energy spectra@&7 A~ as V()= 1 | _tang | ¢ o<0. (7)
measuredopen squargsand fit(lines). Bottom panel shows residu- 2|sinfd cosoH sin@ ' ¢
als (incident x-ray energy is 13 keV
112
wherel s is the experimentally measured elastic intensity T 2 sinfcosh’ 6> bc, ®

and R=1.,,/1, is a calculated ratio between double and ) ) _ ) )

single scatteringcourtesy of Simon Billinge, Michigan Uni- Wherel=1 mm is the vertical height of the incoming beam,
versity). The multiple scattering correction is applied to thet=1.7 mm the thickness of the Si powder sample and.
elastic intensity only, before the absorption and polarizatior=36° is the critical angle where the irradiated volume be-
corrections. For the thin-amorphous silicon membranes theomes smaller than that defined by the detector slits. This
multiple scattering is completely negligible, but for the muchcorrection was not needed for taeSi samples, because the

thicker crystalline powder Si sample it amountec-t8% of  area defined by the detector slits was larger than the irradi-
the elastic intensity. ated volume in all the range of scattering anglés 2

Absorption Polarization factor

X rays passing through a sample are partially absorbed by The X rays were highly polarize@round 90% for beam-
an amount depending on the total pathlength of the inciderin€ Station A2, and 85% for station)QOnce the majority of
and scattered beam. Therefore a correction to the measur&eg corrections were applied to the intensity data, we used
intensity must be applied. The absorption correction for botfh€ fraction of polarized x rays as a free parameieithin

the reflection and transmission geometry has been deducd@its) to adjust the overlap between tfescans correspond-
from the general expression, ing to the different energies. A value of 93% turned out to

give the best agreement between the overlap regioresSr
(station A2, and 85% forc-Si powder(station G. The re-
maining intensities, 7 and 15 % for tleeSi and the powder
c-Si sample respectively, were then corrected for polarization
using the factor,

1
A(0)= vfve—MLl“z)olv, (4)

whereV is the illuminated volume of the sample ah¢g and
L, are the incident and scattered path lengths. For the reflec-

, (1+cog 26)
tion geometry, il

P(0) 5 )
S Sin(20— ¢)

> Typically, the polarization corrections were of the order of
Vu sin(20— ¢)+sing

3% for a-Si, and 8% for thec-Si powder.

A( 0): [1_e—,ut(l/sind)—llsir(20—¢)]

5

. Verification of correction procedure
and for the transmission geometry

Figure 4 shows the different overlap regions obtained by
matching the corrected intensities ®1Si. It can be seen that
the overlap between the different regions is good to within
(6) 1%, indicating that the various corrections were applied cor-
rectly. In order to illustrate the effects of errors that might be
introduced by a problem with one of the corrections, we

s sin(¢p—286)
TV sin(¢p—26)—sing

A( 0) [e—;Lt/SirK¢—20)_e—;Lt/Sin QS]’

where s is the cross section of the incident beawh,the
sample volumeu the absorption coefficient,the thickness arbitrarily changed the fraction of polarized x rags by

of the sample, and the incident angle. The factqrt has  +£5%. The error introduced into the polarization correction
been measured for the amorphous and powder crystalliney reducingB by 5% and its dramatic effect on the overlap-
silicon samples at each of the energies used during the eying regions are shown in Fig. 5. However, whgris in-
periment and are listed in Table IIl. Typically, the absorptioncreased by 5% the polarization correction still seems to give
corrections were in the order of 3% for theSi samples, and satisfactory results. In summary, this test indicates that the
12% for powderc-Si. scattering data are sensitive to small errors in the correction
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FIG. 4. Intensity of x ray scattered from amorphous silicon
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QA

32

in the “overlap” regions, showing the agreement between different

geometries or energie&) at 13 keV between transmission and reflectidm between 13 and 21 keV reflectioft) between 21 and 43 keV

in reflection, andd) between 43 and 60 keV in reflection.

procedures. Fortunately, the overlapping regions will usuallyfor Si, fg;, from the data.fg is reliably known up toQ

indicate when there is a problem.

Atomic scattering factor

In order to normalize the corrected intensity,, to elec-
tron units(e.u), we needed to deduce an atomic form factor

~20A~1 and this was used as a starting point. The elastic
scattering intensity from the amorphous samples oscillates
aroundf? until the oscillations die out at larg®. f2; was
expanded to large®, as follows:

(1) We used the previously determined vaftef fg; from 0
to 20 A™! to roughly normalize the data to e.u. The

L B B A B L L B

15| A

2 B +5%

c

[=]

£

@

- f

3 1.0 AL TNAAA A A MA A

[*]

3 F |

>

x

2
L 0,

8 B-5%

E 05 | o s e e A =
o s e e b e by
170 175 18.0 18.5 19.0 19.5 20.0

QA"

FIG. 5. The amorphous silicon intensity ratio in the overlap

)

region, between 21 and 43 keV, for different choices of the polar-

ization correction constant: fg8=93% used during the correction,
for a 5% largerB value offset by+0.5, and for a 5% smaller value
of B offset by —0.5.

)

normalization factor was calculated following the
method of Krogh-Mo& and Normart®

A new intensity is constructed as illustrated in Fig. 6.
From 0 to 20 A* the intensity was replaced lig;, from

20 to 30 At the original scattering data was retained,
and from 30 toQem=35A"" (a temporary maximuin
the scattered intensity was replaced with heavily
smoothed data. This fabricated intensity was then fit us-
ing a series of exponential functions; the resulting fit
corresponds then to a new, interiig. Steps 1 and 2 are
repeated iteratively by varying the value Qf¢m, from

35 A~1 until the whole range is covere®-55 A1),
Using the literature value fdrfrom 0 to 20 A ™! forces
the expanded to coincide with the literature value in
that range.

The resulting function was then fit by a monotonically
decreasing analytical function
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J(r)=4mr2p(r)=4mr2po+rG(r) (14)

] and

leor ] T(r)=4mrpo+G(r), (15

leor SMoOothed

where p(r) is the number density function of the actual
atomic structure ang, is the average atomic density of the

| fabricated (eu)
N
T

obve T sample.
@ o0 2‘0 3‘0 4‘0 59 The ideal Fourier transform a[S(Q)—1] in principle
3 R W N requires dapa fronQ—O toQ=o0. H_oweve_r, t.he. range c!D_ .
@ ol Wi L” ‘ N values that is ot_)taln_ed_ from experlmer_1t is I|m|t_ed to a finite
= 20 30 40 50 value, Qnax- This will introduce “termination ripples” of
Q (A" wavelength 2r/Q,,.« into the RDF and causes a broadening

) . ) of J(r) due to the cut-off functionH(Q),
FIG. 6. The intensity constructedee text to fit the extended

region offg. The residue is shown in the bottom panel. H(Q)=1, 0<Q<Q.
° (16)
f(Q)=c+ >, a exg—bQ?) (10) =0, Q>Qmax-
=1

. ] ] o ~ Consequently, the actuab(r) obtained by Fourier trans-
in order to avoid spurious effects due to statistical variationgorming the experimental data is given by

during the process. The fitted parameters are listed in Table

IV. With this single set of parameters, the scattered data from 2 [«
both a-Si and the powdec-Si samples could be satisfactory G(r)= ;f H(Q)Q[S(Q)—1]sinQrdQ. (17
analyzed. 0
_ o In other words, the measurdsl(r) is a convolution of the
Fourier transform and termination ripples true correlation function and the peak function,
The structure factor is defined as
1 ©
1(Q) P(Q)=— f H(Q)cosQrdQ. (18
S(Q)= <z | (11) 0

The peak functiorP(Q), with a peak height 00 ,./7 and
a FWHM (full width at half maximum of 3.8/Q ., Yields a
‘broadening ofAr =0.07 A whenQ,.,=55A"1. This broad-
F(Q)=QX[S(Q)—1]. (12)  ening occurs in each peak afr).
The problem of termination ripples can be lessened, to a
The Fourier transform of the structure fact@(r), called  certain extent, in several ways. Many authors have used

wherel(Q) is the fully corrected and normalized coherent
scattering intensity. The interference function is defined as

the reduced radial distribution function, is given by damping functions when dealing with termination ripples
5 (e where they multiply the interference functidn(Q) with a
G(r)= _f Q[S(Q)—1]sinQrdQ, (13) modifiqation functionrM (Q) in order to obtgin a graQUaI cut-
m™Jo off. This procedure replaces the sharp discontinuitRaty

by a more smoothly varying function. Two common damp-
ing functions are used in reducing termination ripples: One is

i 36
TABLE 1V. Coefficients for the analytical expression of the the Lorch functior

scattering factor of silicon.

from which we derive the radial distribution functiodr),

M(Q)= Qumax sin( WQ") for 0<Q<Q and

Parameters Deduced0-55 A1) 7Q Qmax max

c 0.207976 =0 for Q>Qpmax (19

a, 3.67842 _ _ .

a, 3.84222 in which case the corresponding peak functl®n(Q) has a

as 1.56637 FWHM of 5.4370Q,ax, broadening the real space resolution

a 0528977 to Ar=0.098 A whenQ,,,=55A"1. The other damping

a: 4.17884 function often used is the exponential functibn

b 3.31157

b; 412418 M(Q)=exp—BQ?), for 0<Q<Qpua and

by 0.091511 =0 for Q>Qmax- (20)

b, 131.486

bs 1.49295 There is no consensus as to the most appropriate valBe of

in the literature; in most cased is chosen so that
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FIG. 7. The interference function of powde:Si determined by

x-ray diffraction. FIG. 8. The reduced radial distribution functi@r), of pow-

der c-Si before(—), and after(---) the Kaplow correction.

M(Qma=0.1 or less. These methods do indeed reduce thsubtracted fromF(Q); the resultingG(r) is shown as a
termination ripples, but at a price of broadening the peaks ilashed line in Fig. 8. The solid and dashed lines overlap
J(r). everywhere except at<2 A, which indicates that the cor-
An alternative to the use of damping functions is the sofection only affects the low-region without changing the
called “sampling” method®® Here, we only use interference RDF peaks containing the structural information.
functions that terminate with a value of 0 at the upper inte-_ A direct comparison between our data from the sampled
gration limit. In other words, the RDF is calculated only for Fourier transform and the known structureas$i is shown
r values that satisfy the following condition that in Fig. 9. Here, the solid line is thé(r) for the diamond
structure with a lattice constant of 5.431 A, where each peak
2 is broadened to have a Gaussian distribution. For the first
or r=(2n+1) . wheren=1,23. .. peako;~0.06 A and for the other peaks~0.08 A (nearest
Qmax neighbors do not vibrate against each other with the same

o
Qmax
. o . amplitude as uncorrelated distant neighbcféie broadening
In this case, every point in the RDF is thus the result of aNs a combined effect of thermal disorder and the experimen-

unbiased Fourier transform of t%Q) data and no damping (5| resolution of the Fourier transform. The dots represent a
function is used. The_dgnsny_ of points in real space is I'm'tedsingle-sampled point of the Fourier transform. All the points
because of the restrictions imposed by the sampling procey|| quite close to the solid linéand continue to do so much
dure. However, in reality this reflects the true Spatial reSOIUbeyond the maximum range of 10 A shown he[B particu_
tion. In practice the use of the sampling method should onlyar, the positions and heights of the first two peaks are in
be considered if the scattering data cover a sufficiently largexcellent agreement with the solid line as will be discussed
region of Q space to get a sufficiently dense set of points infurther in the section “coordination V@ ,,,,” Where the ef-
J(r). Since our data extends to 55 A use of the sampling fect of Q. On the results is examined. This coincidence
method is appropriate. leads us to conclude that high energy x-ray diffraction, as
analyzed by the method described in this paper, yields an
accurate and reliable determination of the RDF.

r=n

IV. RESULTS
A. Powder crystalline silicon B. Amorphous silicon

In order to test the accuracy of the procedure for deter- The corrected and normalized elastic intensiti€Q), of
mining the RDF ofa-Si the RDF ofc-Si was determined both the as-implante(totted ling and annealedsolid line)
through diffraction measurements of a crystalline powder —_———
sample(described in the sample preparation sedtifam Q | o Data
between 1 and 35 A 150 - calculation iy

Figure 7 shows the structure factor®8i, which includes I ]
both Bragg peaks and diffuse scattering contributions. The
Bragg peak intensities are likely to suffer from preferred ori-
entation effects, since it is difficult to obtain powder samples )
with completely random orientation. The Fourier transform p 1
G(r) of the crystalline powder data calculated using the g 'H
sampling method is shown in Fig. 8. Forx2 A, G(r) os- I f'\,. \«Ju\ }\.J
cillates around—4mpor, where po=0.04997 A3 is the 0 """;‘ e " S o
known average atomic density ofSi. The large oscillation A
nearr=0 (thin solid line is attributed to slowly varying rA)
errors inF(Q) and is likely due to an error in the normal-  F|G. 9. The radial distribution functiod(r), of powder crystal-
ization constant. In order to correct for this problem we haveine silicon as measureots. The solid line represents a theoret-
used a procedure due to Kapld.The low+s region ical calculation of the crystalling(r) broadened by a Gaussian
(<rmin=1.5A) of G(r) was back Fourier transformed, and distribution.

100 —

J(r) (atom/A)

50 |
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FIG. 10. The normalized intensity in electron uni{®), of the
as-implanteddotted ling, and annealedsolid) amorphous silicon
membranes, overlaid of; (dashedl The inset plot represents the
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FIG. 12. The reduced radial distribution functiagg(r), of

amorphous Si “as-implanted” and annealed at 60q6&set by 10
atoms/&). The straight lines from which-4rp, is determined
are also showng,=0.049 atoms/A).

method is shown in Fig. 12. For<2 A, both curves oscil-
late linearly around—4mpger, where py is the average

atomic density. By least squares fitting, it was deduced that

amorphous silicon are shown in Fig. 10. Cleatl{Q) oscil-
lates abouf2, until the oscillations damp out at largz The
two intensities are almost identical, except at IQwindicat-

po=(0.0489+ 0.004) A3, a value that was identical for the
two materials to within 0.1% and which is in excellent agree-

ment with previous density measurementsagsi (Refs. 20

ing differences in the atomic structure beyond the first-5n4 29 where po=0.0492 A3, In G(r), we can see the
neighbor distance. These normalized intensities were used B}esence of noise, which we attribute to the statistical noise

determine the interference functio,Q), for both materi-
als. We have added results from earlier small angle x-ra
scattering(SAXS) measurements to the high-energy syn-
chrotron data in order to achieve a to@arange from 0.03 to
55 A~L. In Fig. 11, we display the structure fact®(Q), as
determined for both the annealed and as-implaat&il The
inset shows the corresponding interference funck@@).
Oscillations in structure factors are clearly visible up~t40
A~1. Beyond this value the statistical noise drowns out th
oscillations. Again a small difference can be seen betwee
the two structure factors at lo® as noted above.

Fourier transform and noise reduction

The Fourier transfornG(r), calculated for both the as-
implanted and annealed-Si samples using the sampling

3.0 —
25f %
g
200 i&
S5l
n
1.0 | -
0.5+ —— Annealed -
o T As-implanted
0-0’ U BTEEEETE BT AN BT BT
0 5 10 151 20 25 30
Q(A")

FIG. 11. The structure factd®(Q), of the as-implanteddots
and annealedline) amorphous silicon membranes. The inset plot
represents the corresponding interference functie(®), of the
two samples in the higkp region.

in F(Q) for largeQ, as well as a significant ripple through-

%ut, due to the way the data was binned. Realizing that it is

primarily the first-neighbor peak that determir&€)) for Q
beyond 20 A, we have adopted the following procedure to
reduce this noise and ripple: The first-neighbor peak in the
RDF was isolated and its contribution to the interference
function evaluated through a reverse Fourier transform. This
contribution was subtracted from the interference function,

€nd the remaining signal which, beyo@=20A"!, is es-

8entially statistical noise only, is damped through multiplica-
tion by a factor exp—a(Q/Qmad?l, where a=8, and Q.
=55A"1. The unfiltered first-neighbor contribution is then
added back to the filtered data, as illustrated in Fig. 13 which
shows both the filtere(dotted ling and the unfilteredsolid
line) F(Q). The resulting interference function is then Fou-
rier transformed to yield the new filtered{r). Figure 14
showsJ(r) for both materials, filteredsolid line) and un-
modified(dots. This filtering procedure was efficient in sup-

— raw b
Filtered

F(Q)

FIG. 13. The interference functions of anneake&i, F(Q),
before(solid line) and after(dotted line$ filtering the noise at large

Q.
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FIG. 14. The RDF of the as-implantéd) and annealed-Si (b) i(A) 4 5

sample calculated befofequaresand after(solid line) filtering the

noise fromF(Q) at largeQ as described in the text. FIG. 16. Gaussian fitsolid lineg of the first, and lower half of
the second peaks of the functial{r) [squares,(@)], and T(r)
pressing the noise frod(r), without affecting the resolution [squares(b)]. The dotted-dashed curve is the residi@ussian fits
and without altering the termination ripples inherent in theSubtracted from daja
Fourier transform.
In Fig. 15, we show the resulting RDF’s of both the an-
nealed(\) and the as-implante@—) a-Si samples from 1 to A full interpretation of the RDF requires extensive mod-
5 A. The first-neighbor peaks of both samples are nearlgling of the atomic structure, but basic structural data of the
indistinguishable. Note that the height of the second-sShort-range atomic order can be extracted by simply fitting
neighbor peak increases upon thermal annealing. Surpriébe individual peaks of the RDF—at least those that can be
ingly, the widths of the second-neighbor peaks remain alfesolved. Since the first peak of the RDF of both crystalline
most identical. In the region between the second and thir@d amorphous silicon is well separated from all the other
peak, at around 4.7 A, a small enhancement in the anneald&faks: the average coordination numBgrof first-neighbor
RDF over the as-implanted RDF can be seen. This observaci"s' atom distribution can be evaluated with reasonable ac-
tion suggests the existence of a peak seen earlier by Mo racy by fitting bothJ(r) .and T(r).to a Gaussian .proflle.
and GraczyK® We do not believe that this peak is spurious € also_used a pgak flttmg_ funct|on,_ corresponding to the
since it appears at the same position in all the RDF’s calcuContrIbUtlon of the first peak iQ space, in order to it (Q).

lated using different values @,,.. The existence of such a The fitting function forT(r) was of the form

Peak fitting

peak can be indicative of dihedral bond-angle ordéfifiy C. o (r-r)¥20?

. . . . i © ! i
(the dihedral angle is defined as the angle of rotation about a ti(r)=— ———, (21
common bond of two tetrahedral unit$n fact, it seems that r 270

there i; a preferential orien'gation' of Fhe neighboring te'[rahefor J(r) of the form,

dral unit in the annealed-Si, which is reflected by a nar-

rower distribution, compared to the as-implante&i where Ji(R)=rt;(r) (22
the dihedral angle distribution should be quite lar@Ehis

peak may also be construed as a weak tendenayGifto ~ and forF(Q) (Q spacg of the form,

reflect the third-neighbor peak ofSi.%) .
sinr;Q e*1’2Q2”i2

fi(Q):Cir— 23
25 — '
E whereC; is the coordination number in thi¢h shell,r; the
20 [ position of theith distribution, andai2 is the mean-square
< | amplitude of thermal vibration plus mean-square static dis-
w15 F order. Fits toF (Q) were done using data starting at 15.2*A
g } in order to allow only contributions from next-neighbor dis-
10 [ tances. A typical real space fit 8{r) andT(r) is illustrated
= | in Fig. 16.
5 50 The results of all the curve fits are listed in Table V. For
i ff - annealed both the as-implanted and the anneake®i samples the
0 M J A C T af“m"'a“tedj first-neighbor peaks were centeredrat-2.35 A and their
— 2 — 3 - 4 — 5 total widths Werea_,~0.065 A. A small but significar_lt dif-
r (A) ference occurred in the coordination numbers, which were

C,~3.79 for the as-implanted sample, a@¢~ 3.88 for the
FIG. 15. The first two peaks of the radial distribution function annealed sample. Table V also lists uncertainties; these are
J(r), of annealedsolid line) and as-implanteddotted ling amor-  determined from the variance of independent fits to five
phous Si. separate RDF’s of each sample. The position, coordination
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TABLE V. Peak fitting parameters for annealed, and as-implanted amorphous siligop=(55 A1), and crystalline powder silicon

(Qmax=35 Ail) .

As-implanteda-Si Annealeda-Si Crystalline powder Si
t(r) i(r) f(Q) t(r) i(r) f(Q) t(r) i(r)
C, 3.786:0.01 3.79:0.01 3.78%0.12 3.882:0.01 3.8810.004 3.886:0.12 4.032-0.04 4.0210.05

ry 2.3490.001 2.3530.001 2.349-0.04 2.3510.001 2.3520.001 2.35%0.004 2.354:0.003 2.356:0.004
o;  0.064+0.001 0.0640.001 0.0640.003 0.0650.001 0.00650.001 0.065-0.003 0.057%0.003 0.056%0.004

C, 9.57+0.20 12.15:0.11 9.710.11 12.430.38 12.16:0.23 12.15:0.22
rp 3.795-0.01 3.808:0.01 3.80:0.01 3.810.01 3.84:0.002 3.8410.002
o, 0.259-0.006 0.25%0.006 0.242:0.008 0.2380.006 0.066:0.002 0.066:0.002

number, and the peak widths as determined from the fits o§maller values 0@, the fitting procedure described above
J(r) andT(r) were found to be equal to within 0.1%. overestimates the coordination number because of the con-
For the second-neighbor peak of theSi samples, the tribution from termination ripples. For larg®, the peak
parameters are difficult to obtain since it contains contribushape becomes independentf,, with a mean valu€; of
tion from more distant neighbor peaks. A crude estimatiors . 79+0.01 for the as-implanted sample, and 3:8801 for
can be made by first assuming that the second-neighbor dighe annealed sample. Beyo@},,,>40 A~%, we believe that
tribution is symmetric about,, and then considering only the intrinsic value for the position, coordination number, and
the lower half of the peak, which, to a certain extent, con-width has been reached. This would indicate that even for a
tains only the contribution from the second-neighbor corresimple, single-atom system such aSi, reliable RDF'’s re-
lations. Within the estimated errors, mainly introduced byquire scattering intensity data that extends to at least 20 A
choosing the upper cutoff value between 3.75 and 3.9 A,  Figure 18 illustrates the reliabilityor lack thereof of
our best estimate of the-Si second peak position was Lorch [Eqg. (19), open squardsand exponentia[Eq. (20),
~3.8 A. The coordination numbers were significantly differ- filled square$damping functions. The figure shows the val-
ent with C,~12.15 for the as-implanted-Si and C,  ues obtained fo€,; by performing Gaussian fits to the first
~12.43 for the anneale@-Si. The peak widths of the neighbor peak in RDF’s calculated using one of the damping
second-neighbor peaks were,~0.258 A for the as- functions, again as a function of the upper integration limit

implanteda-Si ando,~0.240 A for the annealed-Si. Qmax- Fitting a Gaussian to a damped transform is effec-
tively equivalent to fitting directly a peak function, as de-
V. DISCUSSIONS fined by Warrerf? to an undamped RDF containing termina-

tion ripples. The figure also shows the variationGp as a

There are three main aspects of the results shown in thgnction of Qmax for sampled Fourier transformatiofstar
preceding sections that we wish to discuss further. First, thgymbolg for “as implanted” a-Si [Fig. 18a)] and annealed
extent of our data and the simplicity of the material studieda-s;j [Fig. 18b)]. All methods converge to the same value at
allow us to evaluate the rellablllty and preCiSion of the dif- |arge Qmaxa reinforcing our confidence in the experimentaj
ferent approaches to the Fourier analysis. Second, we ca@sylts. For small values @y, <30 A%, the estimates of
begin to examine what we can learn about the atomic struce, pased on damped functions seem to give values that ap-
ture ofa-Si. We will examine the structure of anneae®i,  proach the finalC, more closely than that based on a
which is believed to be the material closest to an ideal, foursampled Fourier transform. However, our results do call into
fold coordinated continuous random network. Third, we will
examine the changes in the structureesi induced by ther-

. 44—
mal annealing. . * c-Si
4.3 > ® annealed a-Si |
Reliability of radial distribution functions: 42 0 *\ 3 as-implanted a-Si|
coordination vs Qpnay w g . ]
A o - € 4.1 \ N\ ]
s a test of the accuracy of the coordination number it is ] : *x ]
important to consider it as a function &, because it is 40} - —* .
sensitive to artifacts introduced by the Fourier transform. In o : B " C,=3.88
an earlier publicatioff’ we showed how the first neighbor 3.9 \D e
peak in the radial distribution function evolves &g, is 38 [ T, 62379
increased from 20 to 50 &. In Fig. 17, the variation of the i K ]
coordination number of the first peaR,, is shown as a 3.7 2‘0‘ T30 ‘4‘0‘ — ‘5‘0‘ ‘
function of Qax. The coordination number of each sample Q (A'1)
initially decreases witl®,,,, and then approaches a constant max
value aroundQ,.,~40 A™1. Although the data on the-Si FIG. 17. Coordination number of the first-neighbor peak for

powder only extend tQ,.,=35 A%, it is clear that the as-implantedopen squarésand annealedsolid squaresa-Si, and
coordination number approaches a value of 4.0. For théhat for crystalline Si powdefstars as a function ofQ .
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otherwise fully connected fourfold-coordinated netwaik.

- 4.1 bx (@) * sampled If the undercoordination is solely due tsolated dangling
£ 4.0 \ " exponential] bonds, then this number would imply a dangling bond den-
Q [ *. O Lorch . ! . ? . .
® 3.9 ﬂ\u\ 3 sity of 12%.(2) If the undercoordination is uniquely caused
G 3.8 la _\§§g§_ e by network vacancies, then this number corresponds to 1
F . . ‘ ] vacancy per 67 network sitéwith “vacancy,” we mean an
3.7 20 30 40 50 unoccupied network site; the four dangling bonds pointing
a1 (bi T ‘ E into such a vacancy are expected to rearrange in various
M E ] ways. Such network vacancies are surprisingly similar to the
E 40 \* E lattice vacancy irc-Si (Ref. 44]. To put these two extreme
839 5—o S — e = views in context, we first realize that asolated dangling-
o 3.8 A 3 bond density of 12% is clearly much higher than what is
37 3 Y experimentally observed. It is known from optical
20 30 40 50 absorptiorf® electrical*® SAXS*” and combined Raman and
Qe (A7) positron lifetime measuremerft$that only a few at. % H is

required to saturate all dangling bonds. The required vacancy
density of 1.5% is, however, much more reasonable as it
corresponds closely to the density deficitae$i with respect

to ¢-Si. Furthermore, a large number of experiments have
shown thata-Si contains vacancy type defects, and that dan-
gling bonds are rarely isolated but mostly associated with

tion thaeliability of d ing functi | | structural defectgsee also the section below on structural
question thaeliabrlity of damping unctions. in one sample relaxation. We therefore conclude that the undercoordina-

[Fig. 18a)], exponential damping gives a very good estimateq, i mostly due to the presence of vacancy-type defects

but the Lorch-type damping is in error, while in the other : : g S .
) ) : that result in the density deficit @-Si with respect ta-Si.
sample[Fig. 18b)] the Lorch-type damping estimates the The interpretation o¥ the second-neighbgr peak in the

final vatlus\/(;]orrectlytf)u'F ex%or:ent;[ial da:jmping izréof;rby a Iew RDF is less certain because it suffers from an unknown con-
percent. en scatlering data beyond, say, € no ribution of the third-neighbor pealfig. 16). In the context

present, one would not know which method gives the bes f a random network containing vacancies, the coordination

estimate. Estimates based on sampled transforms are farther ¢ ihe second-neighbor pedk would be approxi-
off, but at least overestimate,; by similar amounts in both mated by C,=C;X[C,—1], yielding a value of C,

samples. =11.18, whereas Gaussian fits yield a value of D4
atoms. The discrepancy could be due to the aforementioned
Atomic structure of annealed amorphous Si material contribution from the third peak, an asymmetry in the second

The Gaussian fits to the nearest neighbor peak revealed mak, or to a deviation from the network_structur_e. T_he width
average bond length a2.350+0.00) A, compared to our of _the second pealr,~0.240 A contains stat|_c d|s_order
measurement ire-Si of (2.355-0.004 A. The a-Si bond (arising frpm _bond Iengtha_and bond-ang_le distortions
length is, therefore, identical to that @®Si to within 0.005 thermal ylbratlon and experimental resoluthn. The thermal
A. There is, of course, some static disorder. The width of th&ontribution can be subtracted from,, again using the
first-neighbor peak is partially due to this static disorder withPowderc-Si results, yielding tar,=0.23 A, which would
additional contributions from thermal disorder and experi-MPly an average bond-angle distortion df6,=(9.63
mental resolution. The latter two contributions can be esti-=0-08)°. This value fon 6, is not unlike values reported in
mated by considering the corresponding valueci@ where  previous studie$?**~*"*put nevertheless should be treated
the width of the first peak should be dominated by the therwith some caution. The position of the second-neighbor peak
mal motion and real space resolution. We found a peak widthvas found to be at,~3.8 A, which corresponds to aav-
of 0.057 A for thec-Si powder. Assuming that the three eragebond angle of9,=(107.83:0.97)°. In the radial dis-
contributions are independent, the corrected bond lengttribution function ofc-Si, where the second and third peaks
variation in anneale@-Si is estimated to be 0.031 A. This are well separatedr,~3.84 A, corresponding tod,
small value illustrates the stiffness of the covalent Si-Si=109°3. Again, the discrepancy could be due to a contribu-
bond. tion from the third peak, an asymmetry in the second peak,

If the small difference in bond length, 0.005 A, were theor to a deviation from the ideal network structure. We once
only difference betweem-Si andc-Si, thena-Si would be again stress that the analysis of the second-neighbor peak
0.6% denser thao-Si, but this is not what is observed. Both and beyond can be more reliably studied through computer
our present data(Fig. 12 and macroscopic density modeling rather than through curve fitting.
measurement$?! on void-freea-Si have shown that it is
roughly 2%lessdense tha-Si. This can now be understood
as a consequence of undercoordination. The number of near-
est neighbor<C;, obtained from Gaussian fits to the radial The purpose for studying twa-Si samples, one “as-
distribution function as described above, was found to bemplanted” and the other annealed at 600 °C is to provide a
3.88£0.01, significantly less than 4. There are two differentcomparison of their respective atomic structures and draw
ways of accommodating such an undercoordination in amonclusions regarding the nature of the structural relaxation

FIG. 18. Coordination number of the first-neighbor peak for
as-implanteda and annealedb) a-Si, as deduced frond(r) de-
termined via samplingstars, exponential dampingEq. (20), solid
square$ and Lorch dampingEq. (19), open squardsas a function
of Qmax-

Structural relaxation and defect annihilation
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induced by annealing. At the outset, it should be pointed ouing, from 12.15 to 12.4 atoms. In the context of defect re-
that structural relaxation is not densification, as the atomienoval from an otherwise fully connected network, one
density of ion-implante@-Si is known to remain unchanged would expect thatC, again can be approximated Ly,
upon annealing to within 0.198:*?*This is confirmed by =C;x[C;—1]. Thus we expec€, to increase from 10.45
our measurements, as both samples exhibit the same average11.18 atoms, based on the first-neighbor coordination
density(see Fig. 14 (Densification can be observedaSi  number in both samples. The observed increagg,is not
prepared by deposition techniques, if the growth conditionss large as estimated, and this could be due to a contribution
were such that a nano-porous structure was prodtfged. from interstitial-type defects or to the general unreliability in
Comparing the nearest-neighbor peak in the RDF’s fromthe Gaussian fits to the second peak, or both.
both a-Si samples, it is seen that the position and width re- The other major difference between the second neighbor
main unchangedto within a pm), but that the area of the peak in our two samples is its width. It is seen that the peak
peak increases by 2%, from 3.79 to 3.88 atoms. A host ofvidth decreases significantly, implying a reduction in the
other techniques has shown that structural relaxation is acwverage bond angle distortion induced by thermal annealing
companied by a reduction in the defect density of 2%,from (10.45+0.09° to (9.63+0.08°. We attribute the excess
namely isothermal and scanning caloriméftypositron  in distorted bonds to strained regions surrounding the
spectroscopy; Pd solubility and diffusivity measuremerits,  gefect§?3in as-implanteca-Si. Annihilation of the defects

and hydrogen trapping. This strongly implies that the in- removes the strained regions, thus reducing the average
crease in coordination number is a direct consequence of trt?ond-angle distortion.

reduction in defect density and reinforces our earlier conclu- o ey experimental work on structural relaxationaesi
sion that the final undercoordination indicates a remaininqaither detected the average bond-angle distortiRaman
vacancy density of about 1.5%. However, it raises the que.ss'pectroscopy or low-resolution diffractipn or probed
t!on .why structura_ll relaxation is not accompamed by dt.ans'_changes in the defect populatiguositron spectroscopy, car-
fication. It also raises the confusing question how the d|ffer—rier lifetime, impurity trapping, and diffusion The hi’gh
ence in coordination betweenSi andc-Si can be related to i S T }

a density differencésee the discussion abaverhile at the resolution radial distribution functions presented here allow

same time, a similar difference between relaxed and ad!S {0 study both aspects, the defect removatarest-
implanteda-Si does not lead to a density difference. Oneneighbor coordination number increasind the associated
possible explanation could be the presence of interstitial typgeduction in average bond-angle distortiovidth of second
defects, because it is known @&Si that the volume change Peak in one measurement.
induced by equal numbers of vacancies and interstitials is
essentially zero.

Interstitial-type defects would introduce atomic distances IV. CONCLUSIONS
well removed from the main peaks in the RDF but would be ) _
difficult to observe because they represent a small fraction of !N conclusion, we have presented a detailed account of
the total number of atom pairs and the distances involve@Ur -ray diffraction study of the atomic structure of pure
would not tend to peak sharply about any particular value@morphous Si. Multi-MeV ion implantation and a wet-
We have made an attempt to detect such interstitial-type dechemical etch have been used to prepare edge-supported
fects in our RDF’s by subtracting the Gaussian peak profile§nembranes of pure amorphous Si that are free of impurities,
from the fits to the first two peaks. Integrating the remainingcrystalline inclusions, and voids. X-ray diffraction has been
RDF between the central positions of those peaks would givgerformed at 13 to 60 keV photon energies up to a scattering
the added contributions from noise, termination ripples, andvector of 55 A™. By recording and curve fitting the scattered
interstitial-type defects. Over a large enough regifom  energy spectrum at each scattering angle, the Compton inco-
2.35 to 3.84 A, for example the noise and termination herent scattering could be separated from the elastic signal
ripple contribution should cancel, and only the contributioncarrying the structural information. Using the existing atomic
from the interstitial-type defects would remain. This proce-factor fg; of solid Si and our new data, which oscillates
dure gave integrated values of about 0.12 and 0.07 atoms fetowly aroundféi, we have extendetk; from 20 to 55 AL,
“as-implanted” and anneale@-Si, respectively.(In c-Si,  The extended range over which data were gathered allowed
with much stronger termination ripples, the same procedur¢he use of the sampling method to obtain an unbiased Fourier
yields 0.03 atoms.If these numbers do indeed representtransformation for the determination of the radial distribution
interstitial-type defects, then the increase in coordinatiorfunction. Gaussian fits to these functions showed that the
number induced by thermal annealing is balanced by a desearest neighbor distance in amorphous Si is identical to that
crease in interstitial defects, thus conserving, as observedf crystalline Si to within 0.005 A and that the r.m.s. static
average atomic density. disorder in bondlength amounts t60.03 A. Both the

The Gaussian fit to the second-neighbor peak is less relbondlength and its static distortion remain essentially un-
able than that to the first, but we estimate that the reliabilitychanged upon thermal annealing at 600 °C, but the nearest
problem is less serious for comparison purposes between theeighbor coordination number increases by 2% from 3.79 to
two a-Si samples than for absolute results. We thus compard.88, which still is one vacancy per 67 atoms short of perfect
the parameters of the second-neighbor peak from the twépurfold coordination. This explains why amorphous Si is
samples and observe that the peak position remains essdass dense than crystalline Si. The increase in average num-
tially unchanged after annealing, but both the area and thker of nearest neighbors, and other subtle changes in the
width change. The peak area increases upon thermal anneahdial distribution functions induced by thermal annealing,
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