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Microtwinning in microcrystalline silicon and its effect on grain-size measurements
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Microcrystalline silicon grown by plasma-enhanced chemical vapor deposition consists of a phase mixture
of amorphous silicon and submicrometer sized columnar crystalline silicon grains. These grains do not exhibit
perfect translational symmetry but show a high density of microtwins, evidenced by structural investigations
by use of transmission electron microscopy and x-ray diffraction. The high twin fault density of typically every
tenth {111} bilayer leads to anisotropic size broadening effects for Bragg reflection peaks. This anisotropic
behavior of size broadening interferes with grain-size and strain measurements from x-ray diffractograms.
Experimentally measured apparent grain sizes are up to a few ten nanometers and are subject to significant
scatter due to the effect of microtwinning. Numerical modeling of the shape of Bragg reflection peaks is
presented for the two characteristic modifications of microtwinning, i.e., lamellar and random twinning, to
assess quantitatively the effect of microtwinning on size broadening and grain-size measurements from Bragg
reflection width.
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[. INTRODUCTION transmission electron microscogyEM) in the first part of
the paper. The primary form of disorder within the crystalline
Microcrystalline silicon gc-Si:H) is a prospective mate- grains is polytypism due to microtwinning. Its broadening
rial for the application in large scale microelectronics pre-effect on the Bragg reflection peaks in x-ray diffraction
pared in a low-temperature process400 °C) on inexpen- (XRD) and thus on grain-size quantification is investigated
sive substrates. Presently, extensive work covers th# asecond part of the paper. Numerical calculations for two
development of stacked thin film solar cells employing acharacteristic disorder patterns, one-dimensional twinning on
wc-Si:H absorber layer® {111} lattice planes, and three-dimensional twinning on ran-
The preferred technique for the depositiongof-Si:H is ~ dom {111} lattice planes, are presented to provide a better
plasma-enhanced chemical vapor deposiiBECVD), us- understanding of what can be deduced about grain sizes and
ing silane highly diluted in hydrogen as source gases. Destrain estimates forc-Si:H and related materials from x-ray
pending on the detailed deposition parameters, microcrystafliffraction patterns.
line silicon growth leads to a variety of compositional and
microstructural propertie’:® (_Senerally,,uc—Si:H consi.s'ts of Il EXPERIMENT
a heterogeneous phase mixture of amorphous silicon and
submicrometer sized crystalline grains in variable volume The microcrystalline silicon samples were prepared in a
fractions and a considerable fraction of disordered materiatonventional diode-type reactor using very high frequency
located at grain boundaries. PECVD at 95 MHz at a plasma power up to 50 W. Only
The specific structural properties pt-Si:H are of inter-  samples with high crystalline volume fraction will be consid-
est regarding a proper interpretation of structure sensitivered here. The detailed preparation parameters are similar to
experimental data and an understanding of the growth kinethose given in Refs. 13 and 14 for highly crystalline samples.
ics. A careful interpretation of, e.g., Raman spectra used asla general, the Si{ source gas was highly diluted in,H
standard characterization tool relies on a sensible distinctioBoped and undoped samples were deposited onto Corning
of disorder induced effects due to lattice strain and the small7059 glass substrates and onto silicon substrates with native
ness of grain sizes and their distributibr. Furthermore, oxide layer at a substrate temperature of less than 230°C.
several growth models proposed in the literatdfe’?re-  The film thicknesses were typically in the order of a few 100
main hypothetical up to now, principally due to missing pro-nm to about 3um.
vision for the formation kinetics reflected in the heteroge- For TEM investigation, cross-sectional specimen were
neous microstructure of the microcrystalline films. Even soprepared by standard mechanical procedures followed by Ar
to our knowledge, there has been no thorough compilation obn milling. Conventional Bragg contrast images were re-
microscopic features gic-Si:H that could even serve for a corded with a JEOL 2000EX microscope at an accelerating
consistent picture of grain boundaries and grain sizes iwoltage of 200 kV, high-resolution lattice fringe images were
uC-Si:H. taken using a JEOL 4000EX microscope operated at 400 kV.
In this paper, we focus on recurring characteristics of the XRD analyses were carried out with a conventional
crystalline phase and the grain boundaries that are, to a largeuK , x-ray radiation source using a symmetric Bragg-
extent, independent of the growth conditions. A classificatiorBrentano powder diffraction setup f@-2@ scans and a
of the characteristic crystallographic defects within the crysparallel beam diffraction setup under grazing incidént®
talline grains is derived from structural investigations byin reflection. Grazing incidence XRD was applied to enhance
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columns. Thus, the grain boundaries separating adjacent col-
umns have to be considered as incoherent. The fine structure
in this reciprocal space map reveals fine lines passing
through many diffraction spots. An example can be seen in
the enlarged part on the right-hand side of Fi¢h)1The
streaks are caused by the planar interfaces of the twin lamel-
¥ 1 ‘ lae and thus visualize the broadening effect on Bragg reflec-
; et o ; tion peaks due to the small coherently scattering twin do-
T mains. The streaks run alo@11) directions relative to the
FIG. 1. (a) Cross-sectional TEM bright-field micrograph show- diffraction vector, which lies approximately in the plane of
ing a microcrystalline silicon film with low amorphous volume the SADP as does the streak direction. The corresponding
fraction. The irregular fringe contrast originates from fine twin grain can be identified with a column showing a strong
lamellae with a typical size of a few nm perpendicular to the faultfringe contrast from twin lamellae. Some of the streaks are
plane.(b) Selected area diffraction pattern corresponding to the imfound to be composed of closely spaced spots, indicating
age in(a), taken in the substratefd.10] orientation. The innermost  coherent interference of electron waves from closely spaced
Debye-Scherrer ring is a double ring made up{bfl} lattice re-  icrotwins along a commofiL11) fault normal, but not nec-
flections of diamqnd cut_)ic silicon a_md extra reflections from twin essarily a periodic Superstructljfe.
p!ane_s(enlarged in the nset lgt Fine Stfea"s fun alt_)ngllb The diffraction spots are displaced relative to their posi-
directions through the reflectiorienlarged in the inset right tion in a perfect lattice since the Bragg peaks appear where a

o . . . reciprocal lattice streak passes through the dispersion sphere
the surface sensitivity and thereby allowing for the investi of the electrons. This is illustrated in more detail in Appendix

gation of films as thin as a few hundred nm. Here, an inci- . . : .
dent angle larger than the critical angle=0.22° for total A, which gives also an estimate for the expectation value for

. . . the scattere of the reciprocal lattice plane distance of a
reflection but well below one degree was applied, assuring : s i i )
tain reflectiorgy relative to that in the perfect lattice of

that the penetration depth for the x rays was about equal te€"ain _ _ _
the film thickness. The instrumental broadening was meaPulk silicon.e can be roughlyzestlzmatfd by a linear approxi-
sured from a NIST SRM 640a silicon powder sample. Themation to s~A[(h+k+1)/(h“+k“+1%)] for twinning on
standard’s profile shapes were used in a Stokes correctidh€ (111) lattice planes. For example, is abou 5 % for A

(see Warreff for detaily for the evaluation of the shape of =0.1 andhkl=220. A displacement of diffraction spots of
the lattice reflections. this magnitude can thus be due to anisotropic size broaden-

ing only and is not necessarily indicative of lattice strain.
The innermost ring of reflections is a double ring. This

Il RESULTS becomes evident from the left-hand side inset in Figdp).1
A. Grain boundaries and domain structure in pc-Si:H The outer ring can be attributed to tfiel 1} lattice spacing in
crystalline grains diamond cubic silicoridc-Si). The inner ring has a reciprocal

i ; o1 L lattice distanceq~3.05 nm'! close to a scattering vector
Figure Xa) shows a bright-field image of ac-Si:H film oo .
g 13 9 9 A 1042,=3.007 nm 1. The latter reflection is a forbidden re-

with low amorphous volume fraction. The film was grown at 3

a high input power of 50 W and a silane concentration of 2 %flection fordc-Si in the kinematic approximation, but it ap-

on the native oxide of a Gi00) wafer. The characteristic pears because of the hexagonal stacking sequence around a
columnar structure of highly crystallinec-Si:H (Refs. 4—6 stacking faultt® Attributing the extra reflection to hexagonal

is well developed under these conditions. The crystalline col-SI IS consistent with the interpretation of Hendnk!sal.,
umns consist of coherent domains defined by fine twinWho analyzed films grown by low pressure chemical vapor

lamellae, causing the characteristic irregular fringe contrasf.jegolsc')tc')%no((l‘zpﬁVDé !E tthel fgm:a(iratu[[e rarlwclgetpetw_eetr;] 560
Twin planes are repeated not strictly periodically in short@" - mendrnikst al.— relate extra refiections in their

istan lona the fault normal. Tvoicallv. the size of a sinal -ray'(jiffractogra_lms to polytypic serie; of die}r'non'd hexago-
gNsirt]adgi;;:] %tai :1#1;” c;s Zfe\)//vp:r?l %efr;eridiij)la? tSO ?hjial_snmon (dh-Si). For these polytypic modifications, the
twin plane and up to a few ten nm on that plane. Measurind 0110} reflection in pure diamond hexagonal silicth-Si)
the twin fault probabilityx in two of the columns in Fig. (B) as the largest lattice spacing of 0.323Timi.e., the small-
givesA~0.1, i.e., there is a twin boundary every tei) est scattering vectay=3.007 nm. Depending on their peri-
bilayers. It can be concluded from our TEM investigationsodicity, the polytypic modifications show a number of lattice
that this value for\ is typical for microcrystalline silicon, spacings inbetween the spacing of {itd10} lattice planes
even when smaller columnar structures or amorphous volef dh-Si and the{111} lattice planes ofdc-Si, leading to a
umes are present. shift and broadening of the extra peak towards {h&1}

The selected area diffraction pattgl®ADP) correspond- reflection ofdc-Si in the x-ray diffraction patterns and addi-

ing to the image in Fig. (B) is given in Fig. 1b). More than  tional spots on electron diffraction patterns with a multitude
one column contributes to the SADP due to a selected area of lattice spacings larger than tH&11} lattice spacing in
~500 nm in diameter. The random placement of diffractiondc-Si.*%2°
spots on a certain Debye-Scherrer ring implies that there is Further support for the polytypic modifications is given
no orientational relationship between neighboring crystallineoy Raman spectroscopic data. Raman spectraofSi:H
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FIG. 3. (a) X-ray diffractograms of twouc-Si:H samples, de-
posited at the indicated silane concentration in the gas phase. The
diffractograms were recorded in a grazing incidence set)pAp-
parent grain sizegy,, evaluated from reflection widths for a series
of microcrystalline samples with different crystalline volume frac-
tion. Two characteristic orderings can be distinguish®d;> 6311
> 89 (filled symbolg and 831> 8,00> 8111 (Open symbols

twin boundaries o§111} lattice planes are found and a pref-
) ) ) ) ) ] ) erence for lamellar twin patterns can be seen. A twin faulting
FIG. 2. High-resolution micrograph showing microtwins with a i1, probability \ as high as 0.1 leads to a considerable
common([110] axis within a single crystalline columnar grain in 4 qening of the reciprocal space features like Bragg reflec-
pc-SEH. See text for detalls. tions along(111) directions, that becomes visible in selected
area diffraction patterns.
show generally a Raman active vibrational mode at

~495 cm !, which is characteristic for hexagonal silicon
and absent in cubic silicoft. B. Grain size and domain size measurement

The polytypes can be imaged directly on high-resolution  x_ray djffraction is routinely used to determine grain
TEM micrographs. The high-resolution image in Figure 2,656 as well as preferential growth directions in polycrys-
shows the inner part of a crystalline column as shown in Figia|jine materials. Additionally, strain estimates can be made
1(a). The crystalline domains can be readily identified by theyheny comparing the width of lattice reflections and their
traces of theif111} lattice planes. The image shows numer- gyt respectively. However, the perturbance of the recipro-
ous twin domains only a few nm in size in a projection closecy| |attice points of domain structured nanocrystals has im-
to a commor{110] axis. Mainly coherenk =3 boundaries hortant consequences: Peak shapes, intensities and widths
(the grain boundaries are classified according to the coinCizre |ikely to differ from extrapolated bulk estimates. In the
dence site lattice notatiorare formed by twinning, but mul-  o)1owing, this will be demonstrated for our microcrystalline
tiple twinning also leads to higher order twins, iB=9 and  samples by a numerical simulation based on a phenomeno-
2 =27 boundaries. The twin domains and the twin boundqogical approach, which is compared to experimental data. In
aries are usually free of dislocations, the twin dislocationyarticular, the implication of twin faulting for the peak width
(TD) marked in Fig. 2 being an exception to that rule. Nei- 4¢ Bragg reflections and therefore for the so-called

ther in this image nor in other high-resolution images Ofapparerﬁ3 grain sizes will be described in detail.
various uc-Si:H samples we were able to find small inclu-

sions or bands odh-Si. The presence ah-Si in wc-Si:H is
thus restricted to the local hexagonal stacking sequence
around twin boundaries. The formation of these twin bound- In Fig. 3(@) x-ray diffractograms of the.c-Si:H samples
aries is favored in comparison to the formation of stackingare shown, measured in grazing incidence at an angle of
faults, which are less prominent. ~0.3°. The samples covered by FigaBwere grown at high

Furthermore, we did not observe any different type ofand low silane concentration in the gas phase, respectively.
grain boundary within the crystalline columns apart from theThey can be considered as representative for two regimes of
simple symmetrical twin boundary and the boundaries thamicrocrystalline silicon growth yielding distinctively differ-
are formed by intersecting twin domains. Extended hydrogemnt column sizes of crystalline grains. From TEM imaging, it
platelets, as found in the single crystalline substrate after filnis known that both films show a columnar structure with high
growth by PECVD under identical deposition conditiGAs, crystalline volume fraction, but there is a decrease in the
were not detected within the crystalline grains. typical column diameter fror=50 nm at a silane concentra-

In brief summary of the results of the TEM investigations, tion of 2 % to ~20 nm at a silane concentration of 7 %. The
our highly crystalline PECVD grownuc-Si:H consists of decrease of the column size is characteristic of the growth of
columnar shaped single crystal grains, separated by incohetc-Si:H when approaching the transition to amorphous sili-
ent grain boundaries. The inner structure of the grains igon growth by increasing the silane concentration in the gas
characterized by multiple twinning. Mainly cohereRt3 phase®

1. Experimental x-ray diffraction data
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Both films show distinc{111}, {220, and {311} lattice  can be classified in the following wayl) the apparent grain
reflections, indicating the high degree of crystallinity. Appar-size &,y decreases in the ordéy ;> 531> 8.9 [filled sym-
ently, there is an additional reflection ofh-Si at q  bols in Fig. 3b)] and (2) &, decreases in the ordeiy;;
~3.04 nm'! related to the twin boundaries for the sample > 8,20> 6111 [0Open symbols in Fig. ®)].
deposited at lower silane concentration. The inset in Rig. 3
shows the magnified111} Bragg reflection peak in the
sample deposited at a silane concentratibr? 86 together One mechanism that can lead to this kind of anisotropic
with Lorentzian fit profiles for thg111} reflection ofdc-Si  broadening is microtwinning. The effect of microtwinning
and the extra reflection on top of a parabolic background. Fowill now be investigated with a numerical model for the
the higher silane concentration, the additional reflection ishape of the Bragg reflections. Details of the procedure are
obscured in the tail of the broadét11} reflection of the lined out in Appendix B. Before presenting the results of our
dc-Si. The intensity of the additional reflection could be usedcomputations, the terminology and basic considerations are
to estimate the density of twin boundaries. However, a quandddressed.
titative consideration of the intensity of the additional reflec- ~ Starting point is the double sum which describes the co-
tion will not be given since the data shown here do notherent dnifractlon intensity from a crystal with atoms at
provide a stable numerical fit. The stable numerical fit wouldpositionsR,,, n=(n;,n,,ng), in kinematic approximation at
be required since the intensity and shape of the additiond@rge distance from elastically scattering centers:
reflection are not known from theoretical consideration. The
shape depends on the occurrence of the various polytype=| > f, exp2miq-R,) > f,* exp(—27iq-Ry). (1)
modifications, each of which gives rise to diffraction inten- n n’

sity at a certain lattice spacing smaller than th&l} spacing . ) ) )
in dc-Si.1%2°A more stable quantification of the average twin Here,q is the scattering vector arf, the atomic scattering

density can be expected from the evaluation of grain sizedactor of the atom aR,. Expressing the scattering vector as
more precisely the shape the shape transform in the diffrache sum of a reciprocal lattice vectgr and the excitation

tion intensity. errors, =g+s, one obtains for a perfect parallelopipedon

Careful inspe_c_tion of the lattice reflectio_ns of the-Si _ crystal measuring\; X N,X N5 unit cells with orthogonal
reveals a specific feature common to highly crystallmeunit cell vectors with magnitudea( ,a,,as) the Laue inter-
pc-SitH films: The integral widthBy,, i.e., the area divided  ¢o1ance function

by the amplitude, of the three most prominent lattice reflec-

2. Numerical simulation for the anisotropic size broadening

tions increases in the ord@ 1< B311<B22. FOr example, 3 sir2(ms;N:a;)
the film deposited at 2 % silane concentration in Fitp) 3 1[s(q,9)]~|F(9)|AG(s)|2=|F(g)|2>, r
B11: Ba11: Baz=0.024 nmi 1:0.058 nni 1:0.083 nm'*  af- =1 (7sa)?

ter a Stokes correctiéffor the instrumental broadening. The 2

apparent grain sizéyy= 8" 'n evaluated from the width of yjth F being the structure factor of a unit cell a@ the

the lattice reflections is thus strongly anisotropig; is con-  sg_called shape transform. Given the crystal dimensions
siderably smaller than bot3,,0 and B3;; and there is o N.a, i=1,2,3, and the orientation of the crystal with respect
monotoneous order with increasing scattering angle, contray the incident radiation one can easily calculate the shape
dicting the presence of a homogeneous microstrain, fOfransform and thus the Fraunhofer diffraction pattern
which the broadening would be simply proportional to thel[§(€| §)]

magnitude of the scattering vectqr (see Langford; and According to the previous sectignc-Si:H consists of a
references therejnIn addition, the ratio of the integrated large number of small grains with nonuniform orientation,
intensitiesl 11:120:1311 IS close to that of an ideal powder each of which shows a subdomain structure because of twin
sample consisting of single crystalline grains, contradicting,ondaries o111} lattice planes. This implies, that firstly
an explanation by preferential growth directions. A slight de-ie shape factor will vary from grain to grain due to the
viation from the ideal intensity ratios is simply explained diversity of twin patterns and secondly the measured signal

when accounting for the intensity of the extra twin reflection >\ (2 )
which diminishes the intensity of thid11} reflection ofdc- represents thaverageshape facto(| G(s)| Jp for an appro

Si. priate probability distributiorp(é) of excitation errorss.
Further data for apparent grain sizesun-Si:H is shown The general procedure used here to approximate
in the scatter graph in Fig.(B) for several highly crystalline {|G(s)|?),, is described in Appendix B. Only the phenom-
microcrystalline samples. Here, the apparent grain 8jze  €nological approach providing for a numerically computable
=B~ 'hu is plotted against a measure for the crystalline vol-representation of| G(s)|2),, is given here(1) The individual
ume fractionxéRD evaluated from the diffractograms ac- grain size is replaced by its average value, labefkgd,
cording to a method described in Ref. 6. At first glance, thewhere the subscript “iso” indicates isotropic broadenifi).
data shows large scatter. In general, #g, increase with The individual pattern of twin boundaries within a grain is
increasing crystallinity and the discrepancy betweendhge  simplified to a mean frequencﬁ;n}so, synonymous to a
for the different lattice planelskl becomes larger the higher mean reciprocal size of twin domair(8) The broadening of
XéRD, measuring up to a factor of 3.6. The scatter in the datdhe reciprocal lattice points is assumed to average to a Gauss-
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two models are considered to represent the two extreme
cases for microtwinning in a three-dimensional microcrystal-
line silicon grain.

Figures %a) and 3c) show exemplary results for the av-
eraged square of the shape fac(tkﬁ(§)|2>p for the lamellar
twinned particles and the randomly twinned particles for the
three lowest indexed Bragg reflections in cubic silicon. The
<|G(§)|2>p for a fixed mean grain sizé,,=20 nm and vari-
ous mean twin domain size$,,s, are normalized with re-

FIG. 4. The two different models used for the numerical simu-spect to their area in this representation. Therefore, the am-
lation of XRD patterns ofuc-Si:H. (a) Spherical grains with a plitude of a peak directly equals the apparent grain 8jze.
lamellar twin (LT) structure andb) spherical grains with random The arrows indicate the decreasedf;s, from infinite to 10
twinning (RT). nm to 5 nm to 3 nm.

The center position of the reflections is shifted insignifi-
ian distribution with a full width at half maximurtFWHM)  cantly compared to the broadening even for the smallest do-
of 6.5 and 8,1, for isotropic and anisotropic size broaden- main sized,s., giving further evidence that the extra reflec-
ing, respectively(4) Diffraction from different grains is con- tion observed af~3.04 nmi'! is not due to a particular
sidered to be incoherent, since there is no correlation bezlass of small grains but originates frah-Si with a struc-
tween the orientation of neighboring grains and theture factor different frondc-Si.
resolution of the diffraction pattern is limited. Thus the in-  The change in profile width with decreasing,;s,is most
tensity of the x-ray diffraction patterns of two grains is the prominent for thg{220 reflection. Comparing Figs.(&8 and
sum of the patterns of the individual grains. 5(c) one can see that the profile shape is dominated by a

The orientation of an individual crystallite is assumed topronounced widening of the tails for tH220; and the{311}
be random for two special cases displayed in Fig. 4. First, weeflection for the lamellar twinned particl¢&ig. 5@)]. In
consider a set of randomly oriented spherical grains wittcontrast to the randomly twinned particles there are lattice
lamellar twinning[Fig. 4(a@] on a (111) plane (“lamellar planes in the lamellar twinned particles, which are not af-
twinned particles). Secondly, we describe a set of randomly fected by twinning(see Table | in Appendix Bproviding for
oriented spherical grain with random twinnifigig. 4b)] on  a nearly constant shape around the profile center of2h@
any of the{111} planes(“randomly twinned particles}. The  and the{311} reflection at the smallesi, ..

(a)

a 20 N N
{11'1} | h{zzlm o ﬂ{{'m}l_

| |

FIG. 5. The averaged square
of the shape factof|G(s)|?), for
a diamond cubic lattice with an-
isotropic broadening along111)
directions for (a) randomly ori-
ented lamellar twinned particles
(LT) and (c) randomly oriented
particles with random twinning
(RT). (b) and(d) shows the appar-
ent grain size normalized to the
“true” grain size, 6y / iso, ploOt-
5. /8 ted against a measure for the num-

p

10

(GG

0 ”
3 3236 5 525458 6 62 64

q(mm’)

fsoaniso ber of twins within a grain
c 20 A Y Sisol SanisofOr various “true” grain
N T T T v T !
sizes di5o- (b) shows the case of
TS | (220 iso- (D)

randomly  oriented lamellar
twinned particles andd) for ran-
domly oriented particles with ran-
dom twinning. The splines ap-
proximating the data points in
figures (b) and (d) are guides to
the eye only. The dotted lines
mark where the apparent grain
size is equal to the “true” grain
size or the twin domain size, re-
spectively.
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TABLE I. Twin planes in an fcc lattice, shift vectorsr to faulted atom positions and phase shifts in
fractions of 27 caused by faulting for the three lowest indexed reciprocal lattice vectors in a diamond cubic

lattice.
twin plane Ar Ar (112) Ar (220 Ar (311
1.5 1515 2 1 1 112
(111) =(112), =(121),=(211 0,0,0 £ - =z - - =
5(112), 5(121).5 (21 S~ -5 -5 533
(111) L1, @y, @7 - - 1,02
é< 3! 6( )! é( > §! § 75 §- §, 75 7§
— 1 1 1, — 121
111 - — — - = = 0,22 0,22
(111) 5(112), £(121, (211 33 3
2 2 4
— 1 - 1 1 112 cZZ
111 - - = I 0,22 Y
(111) 5{112), 5(121), (211 33 3 333
A quantitative evaluation of the apparent grain sig, IV. DISCUSSION

normalized to the _true grain sSiz&is, IS ;hov_vn In Figs. Our microscopical investigation of crystalline grains in
5(b) and §d) for various values of the grain siz&s,. Shy

. ‘ . ) N pc-Si:H demonstrates, that a grain jirc-Si:H can be con-
normalized todis, can be interpreted as a “squeeze factor_ sidered as a single crystal of columnar shape with faulting on

f(_)r the me?sured a|c')'parent grain size agqlnst the ”!Je gra'?ll]} lattice planes. A high stacking fault probability is well
size. This “squeeze” factor is plotted against the ratio of theknown for SiC, where the stacking fault energy is about

“true” grain size and the twin domain siz&,/ daniso 1-€-, @ —2 5 . L .
. o . .9 mJm 2 for the 6H polytype® but is surprisingly high
lrir;leasil:]rle:ifor t;be) n:gzg)e :nOfrle\\:\'l?]S rW':EEmri gra&?' ;’he dortt?l?fzor the thin silicon films grown at low temperature due to a
es 9s- a a ere € measured apparent ., \sigerable intrinsic stacking fault energy of 55-70 m¥m

tgr:al?t 5'2?55*"." wpulg equal thet'tW|In domain Siz8anso O 40 4 twin fault energy of about half this valtfeNonethe-
el rue gr?utwhsae is0» rfspe_c VL. ith Is th less, the high twin density is not unique for PECVD growth,
n general, the apparent grain sizgg, neither equals the - g o both, microtwinning and the additional x-ray diffrac-

“true” grain size b}so.nor the twi'n doma}in SIZ@anisor O.nly. tion peak at 3.007 nm* are found in LPCVD grown poly-Si
for the randomly oriented particles with random twinning, ¢ 20 g surprisingly high twin density in PECVD grown
the inverse width of th¢220) reflection 8, Is close to the wuc-Si:H can be attributed to a particular growth mechanism
:\r/]vm dlortr_1a|n55|z:5§nis(; gor t::ek;andomlz/htwm:eld pamdesf' that will be addressed in a forthcoming publication. Here, we
€ relation o1~ 031> 0220 NOIAS OVET the WNOIE Tange Ol ¢4, on the implications of the specific microstructural fea-
disol anisoShOWN here. The maximum difference between thetures ofuc-Si:H for size and strain measurements from stan-
apparent grain sizes,, is up to a factor of 2.6 for this case. dard x-ray diffraction experiments
For the lamellar twinned particles, the broadening is 1€ss getore assessing the quantitative data from the numerical

pronounced for th¢22¢ and the{311} reflection when com- model for the anisotropic size broadening given above, the

pared to the randomly twinned_ particles. A maximum devia-Simplifying assumptions underlying the model must be dis-
tion between the apparent grain sizgg, by a factor of 1.7

) ) i cussed in some more detail. Kinematical diffraction by crys-
'S fgunq in the region Oﬁisom"%niso shown _here. F(,)r small a5 with planar faults has been treated by analytical models
grain Sizesdys, or large 53”]50’_ l.e., low twin densny,. ON€ " for one-dimensional disorder in infinite crystals by several
finds thatdy,;> 8311> 59 Similar to the randomly twinned 5 thors e.g., Refs. 24 and 27-31. A general description by a
particles. Contrary to the randomly twinned particles the orysiematic writing of the Patterson function and its Fourier
der of thedy is altered t05311> 500> 115 for larger grain 1o ctorm s presented by CowRdyand by Adiharf!

sizes and higher twin density. Thus, the two characteristigy,rren'@4 Fourier analysis of faulting by stacking disorder
orderings in the apparent grain sizes seen in the experimentg} twinning on a singlé111) plane is a reference for the line
data are reproduced in the numerical data for the shape faCtBFoadening and line shift effects in the case of low fault
(IG(3)|?)p. Furthermore, the numerical data show the in-probability. Our phenomenological approach for the descrip-
crease of the scatter of tifg,, with increasing grain sizé;;,  tion of the anisotropic diffuse diffraction inc-Si:H is not to

for a certain twin domain sizé,n;s. In contrast, the discrep- be considered as yet another treatment of kinematical diffrac-
ancy between théy, and the broadening of tH811 reflec-  tion in one-dimensional faulted crystals. For the one-
tion is more pronounced in the experimental data especialldimensional problem, it is even less accurate, since it does
for larger XéRD. The difference is possibly due to strain not include coherent diffraction effects on the intensity of the
broadening which becomes more prominent at larger particl&ttice reflections or streaks. It rather intends to demonstrate
size. the fingerprints of the microstructural disorder jrc-Si:H
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and related materials. The simplificatiofi3—(4) were intro-  on the assumption of finely divided matter is in reasonable
duced to get a computable representation of the problem aigreement with the domain sizes imaged on electron micros-
finite-size effects while accounting for the imperfections ofcopy micrographs. The electron microscopy images gener-
the microcrystalline material, namely, the three-dimensionaklly show coherent twin domains with a size of a few nm,
nature of the faulting, the small size of the coherent domainsyhich is usually considerably smaller than the size of a
the finite size of the single crystal columns and the nonsingle crystal columnar grain. According to our model, the
uniformity of these properties in a multitude of grains. {220 reflection width in x-ray diffractograms can be taken as
Basically, the assumptiond)—(4) reflect the perception a reasonable estimate for an upper limit of the global average
of finely divided matter, describing the effect of microtwin- coherent domain size, disregarding the extreme case of
ning as a source of diffuse scattering. Assumptions typicallyamellar faulting with high twin density. Taking into account,
made for finely divided matter are not necessarily valid forthat the reflection width in x-ray diffraction is not a number
nanoparticles with a cluster size of a few hundred atéms. weighted measure but a volume weighted mea3tiejs
However, TEM imaging shows that grains irc-Si:H with ~ conceivable that a typical width,,~5-10 nm given by the
low amorphous volume fraction are considerably larger tharexperimentally measured x-ray diffraction patterns is slightly
the fcc cluster particles described by Haknd the symme- larger than the typical width of the twin lamellae on the TEM
try features of fcc bulk particles are fully developed in theimages that ranges from a fddl11} layers to a few nm. Only
electron diffraction patterns and in the x-ray diffractograms,a small increase 08,,, can be seen upon increase of the
while diffraction signatures peculiar for intertetrahedral crystallinity, i.e., the increase of the column size of a crys-
structures were not resolved. talline grain. Indeed, a small increase &by upon increase
The approximation of continuous reciprocal lattice streakdn the column size, i.e., the increase&f, is to be expected
of Gaussian shape appears as another strong simplificatiap to the factor of 2, since lamellar twin patterns are more
regarding the observation of streaks that are composed @ronounced at larger column sizes. Therefore, the twin fault
single spots in the selected area diffraction patterns of therobability\ is nearly independent on the growth conditions.
TEM samples. This approximation is substantiated simply byrhe approximate value ok is 0.1. This result compares
the considerable number of grains, typically far more thamicely to the TEM images of.c-Si:H, which qualitatively
10°, that contribute to the x-ray diffractograms: Adlhaft's reveal a high density of microtwins irrespective of the size of
description of the diffuse kinematical diffraction of lamellar the columnar grains and the crystalline volume fracfion.
domain structures by domain distribution functions demon- A twin densityA=0.1 leads to a significant underestima-
strates that an exponential domain size distribution leads tfion of the grain sizes from x-ray diffraction patterns when
an exponential decay of the diffraction intensity in the vicin- applying the Scherrer formula without correction by the
ity of the Bragg point in the direction of disorder instead of squeeze factors displayed in Fig. 5. As an example, TEM
a distinct satellite pattern. Hence, our simplifications to theimaging of the microcrystalline silicon samples covered by
problem of computing finite-size effects are well suited forthe x-ray diffraction patterns in Fig. 3 shows an average
analyzing and retrieving information from the experimentalwidth of columnar grains of approximately 50 and 20 nm at
data covering microcrystalline silicon. the silane concentration of 2 and 7 %, respectively. When
By simulating Bragg reflection profiles of two underlying taking A=0.1, the corresponding values féY,,/ Saniso are
models, lamellar twinned particles and randomly twinnedapproximately 15 and 6. The squeeze factor for the grain size
particles, particular finite-size effects to the diffraction from measurement for x-ray diffraction profile widths then ranges
uc-Si:H have been worked out and are discussed in the folbetween 2.1 and 4.6 for purely lamellar twinned particles and
lowing. One of these finite-size effects is an anisotropic2.4 and 14.0 for randomly twinned particles, the larger val-
broadening with an ordering in the reflection widths of low ues being related to the larger grain size of 50 nm.
indexed Bragg peaks, which is characteristic to a particular In conclusion, our model calculation yields a reasonable
model in the regime of high twin fault probability. Two  quantitative measure for disorder induced effects in the dif-
types of characteristic ordering are predicted by the numerifraction patterns of.c-Si:H due to microtwinning. Inconsis-
cal simulation and can be seen in the experimental data. ltent apparent grain size%,, for different hkl in x-ray dif-
the special case of one-dimensional disorder and low faulfractograms can be attributed to anisotropic broadening of
probability A our results can be compared with those giventhe diffraction linewidths. Twinning ofil11} lattice planes is
by Warrerd* for twin faulted infinite fcc crystals. Warréh  a source for disorder induced anisotropic size broadening.
got the following ratios between the apparent grain sigs  Taking the twinning disorder into account, the scatter of ap-
in powder pattern reflections d111:0311:8200  parent grain size data can be explained and can be quantita-
~1.63:1.57:1.00. This behavior of the size broadening bytively related to complementary TEM data.
faulting is very well represented in our simulated data for The inverse problem however, i.e., the calculation of rep-
moderate twinning, i.€ Jiso/ Sanise< . However, the numeri- resentative particle sizes and faulting probabilities from ex-
cal ratios are somewhat smaller due to the finite particle sizperimental diffraction data, is complicated by the combina-
diso- FoOr lamellar twinned particles, we observed a change inion of the effects of finite sizes, size dispersion and lattice
the ordering t0d311:> 250> 5111 IN @ regime of high twin  compression or dilation in a single measurement. The nu-
density, that is not covered by the data given by Wafflen, merical calculation of the x-ray reflection profiles clearly
but was found in the experimental data for certain samplesdemonstrates that a strain analysis from reflections of lattice
Typical size data evaluated by our numerical model baseglanes with different orientation is likely to fail fqec-Si:H
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o=M\|g114, i.e., the inverse of the mean width of a twin
domain.

The expectation value for the relative displacement of
the Bragg peak positioq=|ﬁ| with respect to its position
g=|g| in the perfect lattice is given by
\/gz+20'§-§+ o?

1— 3 . (A1)

8:‘1_g
g

FIG. 6. Ewald construction in reciprocal space illustrating the  Neglecting the quadratic term i, expanding the square
displacement of Bragg peaks along a streak directioFor details  root for small ofs-g|/g?<1, settings=1/y3(111) for a
see text. twin domain bounded by thel11) lattice plane and express-

. . ing g in terms of its Miller indiceshkl), one obtains
due the presence of a twin domain structure. The character o?g g sthih

particle size broadening itself depends not only on the grain U|§_§| h+Kk+]
size and the twin density. It depends also on the form of the e~ ——— =N 5 2) ) (A2)
twinning patterns, lamellar or random twinning, which ap- g he+k+1

pears inaccessible from x-ray diffraction patterns over a wide
range of particle sizes and twin densities. Standard methods

of diffraction analyses based on a single particle model are APPENDIX B: NUMERICAL CALCULATION OF BRAGG

then misleading. Instead, a reasonable model structure must REFLECTION PROFILES IN TWINNED
be tested against the experimental data. NANOCRYSTALS
V. CONCLUSIONS At a twin boundary the atom position%n in Eq. (1) are

. ) . . shifted by a vectoAr. PossibleAr for a single twin bound-
_ The most prominent form of disorder in microcrystalline 51y on a{111} lattice plane are summarized in Table I. As a
silicon crystalline grains is one- or three-dimensional tWin-consequence, the double sum in E4. will show an intri-

ning on{111; lattice planes with considerable faulting prob- ¢a¢e gependence on the individual twin boundary pattern for
ability, typically every tenth{111} bilayer. A nonmonotone- a single grain and the analytical solution of H@) is not

ous order in the apparent grain sizes measured from thg,ight forward. Basically, additional products of phase fac-
widths of different Bragg reflection peaks with increasingiors of the form

magnitude of the scattering vector is characteristic of highly

twinned particles. Grain sizes can be estimated from x-ray IR I

diffraction patterns correctly only when accounting for an- exp(2miq- Ar)~exp(2mig-Ar) (B1)

isotropic size broadening due to the microtwins. These finite- o

size effects must not be confused with interfering strainwill appear in Eq.(1). As long as they- Ar do not equal an

broadening effects. integer, the phase shiftsi2)- Ar will lead to a broadening of

the lattice reflectiorﬁ because of loss of phase coherence.
Nonintegerg- Ar will occur, e.g., forg=(220) when

twinning is on the (111) and (:L_:)]lattice planes. As a result,
We would like to express our thanks to Dr. P. Hapke andhe (220) reflection will be affected by twinning on (111)

Dr. F. Finger for providing samples and the fruitful discus-and (119 lattice planes but not by twinning on (1} and

silc?ns on the very high frequency PECVD of microcrystalline(Tll) lattice planes. In general,<0M=<4 different {111}
silicon.

twin boundary planes will cause size broadening for a certain

Bragg reflectiorg.
Given the simplificationg1)—(4) in our phenomenologi-
cal approach, we avoid the problem of finding an analytical

solution for the shape transfor@(g) for a crystallite of a
Figure 6 illustrates the effect of streaking on the positioncertain orientation, shape and twin boundary pattern within
of Bragg peaks: Bragg reflections will occur for any scatter-the crystallite. The calculation of the shape transform

ing vectorg=Kk— K, connecting the origin 0 of the reciprocal |G(s)|? for a single grain is simplified to a convolution of
space and a point on the streak through the reflegtiofthe ~ Gaussian profiles

perfect latticek, is the wave vector of the incident wave and M

k the wave vector of the diffracted wave. The curve along the |G(s)|2= f(§)®( mE Wmhm(§)) , (B2)

streak directions indicates the intensity distribution along -
the so-called reciprocal lattice rod with a typical width of where
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f(s) ! s* (B3)
S)=——exp — ,
N2 g 20'i2so

(B4)

- 1
h,(S)= ————exp — .
; \ 277'0'anisqn % 2‘Tgnis,qn

Here, thew,,=1/M are weight factors aném is the twin
boundary normal |€,/=1). ois, and O anisq, are related to
the mean grain Slzféiso,alnd the mean twin domain size FIG. 7. The relation between the excitation erspithe scatter-
Saniso. DY the equations™ *=20+2In2. For the randomly - _ . - -

n ing vectorq, and the reciprocal lattice vectgr=(g, 6,¢). kg is the

twinned particles, the twin domain size was assumed to be

independent on the twin boundary plane, i@, = dar Wave vector of the incident wave aridthe wave vector of the
; P 1M y piane, IS¢ TANSO giffracted wave. The relation between the scattering vegtand
Or m: “e e .

_ _ - o _ Ko, K is given byq=Kkk,. A sketch of a spherical crystallite with
Equation(B2) gives|G(s)|* only for a certain o[lentatlon a stack of lattice planes is projected into the reciprocal space rep-

of the grain with respect to the diffraction vectgr How-  resentation.

ever, the excitation vectc;rdepends on the diffraction setup,

the reciprocal lattice vector and the grain orientation. Thi

Spropriate probability distribution of excitation errors

becomes clear when expressiﬁgts the difference between p{_s[q,_(g,a,go)]}. For each of these orientations, _the convo-

. > ) . > lution in Eqg.(B2) was calculated by an adaptive integration
the scattering vectog and the reciprocal lattice VECl®,  hageq on the Simpson rule. The adaptive integration was
whereq depends on the geometry of the diffraction setupdone with an accuracy better than 1%. Convergence of

andg is dependent on the orientation of the grain as shown|G(q,9))|? was checked during accumulation of crystal

in Fig. 7. _ . orientations, an upper limit of 0.1 % change(&(q,g))|?)

We can now rewrite the dependence|G(s)|* express-  was found typically after averaging about<A0* orienta-
ing the reciprocal lattice vectay in spherical coordinateg  tions.
=(9,6,¢): |G(9)|?>=|6G[q,(9,6,¢)]|% It should be noted, that the orientation of the scattering

In order to compare the numerical results with experimenvectorﬁ is not identical for different lattice reflections and

tal data for a nanocrystalline sampl€[q,(g,6,¢)]|2 hasto  not parallel to the surface normal in our thin film samples in

be averaged with respect to the orientation distribution functhe case of the asymmetric diffraction set-up, i.e. different
tion for the graingp(8,¢): multitudes of grains are probed by different reflections.

However, this is similar to the symmetric setup, though the

NP I I - 2 diffraction vectorq is parallel to the foil normal in that case.
(1G(a,9)%)p= fo Jo P(6.#)[GLa.(9.6.¢)]|" d6 de. A divergence in the simulation results for the left side of Eq.
(B5) (B5) for the symmetric and the asymmetric diffraction setup
is not to be expected in the case of a nonrandom orientation
For the present calculations, a random number generat@f the crystalline grains, i.e., the simulation results presented
(Knuth’s** algorithm P) was used to produce many crystal here are transferable to the case of a symmetric diffraction
orientations @,¢) to approximatep(d,¢) and thus the ap- setup.
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