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Atomic structure of amorphous nanosized silicon powders upon thermal treatment
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Amorphous silicon powders prepared by plasma-enhanced chemical vapor deposition, of 8—24-nm-sized
particles agglomerated into larger aggregates were annealed in a reducing atmosphere to study the phase
transformation behavior of these particles. High-resolution electron microscopy revealed a very rough surface,
with structural details of 1 to 2 nm, of the as-prepared single powder particlesa Wpo annealing at
temperatures between 300 and 600 °C circular contrast features, 1.5-2.5 nm in size, are observed in the
amorphous patrticles, hinting to the formation of a medium-range order. A distinct onset of crystallization is
achieved at 700 °C, with structures ranging from very small crystalline ordered regions of 2.5—-3.5 nm in size,
to fast-grown multiply twinned crystallites. Rapid progress of crystallization, mainly caused by growth twin-
ning, is observed upon annealing at 800 °C. At 900 °C, almost completely crystalline particles are formed. The
particles having lattice characteristics of diamond cubic silicon frequently exhibit a faulted structure, because
of multiple twinning events. They are covered by an amorphous oxide shell of a 1.5 to 2 nm thickness, which
is found to develop with the onset of crystallization. Size and surface roughness of the as-prepared powders are
widely preserved throughout all stages of heating, and practically no sintering occurs up to 900 °C.
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[. INTRODUCTION achieved by controlling the size, shape, and agglomeration of
powder particles during plasma synthesis, followed by the
Nanostructured materials are being actively studied in regeneration of crystalline ordered structures of various exten-
cent times, due to their unique size-dependent propertiesion upon post-deposition thermal treatments. To this aim
which opens up possibi“ties for new app“catidﬁg_Be_ HREM is well suited for the required structural characteriza-
cause of the importance in microelectronics fabrication profion down to the atomic scale resolution. Here, we will report
cesses, special attention is being paid to studies on silicofn the structure and crystallization behavior upon annealing
powder generation and control in low-pressure silandlP to 900 °C of amorphous silicon particles studied exten-
plasma<. The microstructural properties of such particulatesSively by HREM. These results will be interesting for under-
depend on cluster generation processes taking place duri,%an_dmg the phase transformation behavior in S|I|con_nan(_)-
powder synthesis. particles that can also be ex'_[ended to understand the sintering
Electron induced dissociation of silane and subsequerfifocesses for the preparation of both structural and func-
polymerization reactions of negatively charged ions lead t(yonf’a} ceramics, as well as for studying confinement effects
the formation of hydrogenated primary silicon clusterg5i  in silicon nanostructures.
(x~1.4%xn).% Agglomeration of such primary clusters re-
sults in the formation of the powder particRsStandard
powder characterization techniques, high-resolution electron
microscopy(HREM), optical spectroscopy, and Raman and
infrared spectroscopy have been utilized to determine the Powders were obtained by the decomposition of silane in
properties of the as-prepared powd&rs. a capacitively coupled radio-frequency plasma-enhanced
There is some evidence that upon thermal treatment, pre&shemical vapor deposition system at room temperature. The
formed structures, such as the primary clusters mentionegrocessing was carried out with semiconductor pure silane
above, may act as seeds in the crystallization of amorphougas at a flow rate of 30 sccm and 0.1-mbar pressure to
semiconductor materiafs!® The growth of stable crystal- achieve a low-pressure silane plasma. Further details of the
lites proceeds by rearranging atoms at the amorphous-t@xperimental setup have been reported elsewhere.
crystalline interface. Recent work on the crystallization of Thermal treatment of the powders were carried out in a
amorphous semiconductor thin films strongly suggests thatducing atmosphere to avoid oxidation of the powders in
lattice defects, such as twins, play an important role in thdorming gas(92% nitrogen and 8% hydrogemt various
growth of the crystalline phagd-*2 temperature$300—900 °Q for 1 h orlonger periods. Pow-
This study is undertaken in the frame of efforts to opti- ders exhibiting a reddish-brown to yellowish-orange color
mize the synthesis of silicon-based materials for the fabricathat changed to blackish-brown upon annealing, were dis-
tion of particulates with defined microstructure. This may bepersed by ultrasonic agitation into isopropyl alcohol and then

Il. POWDER PREPARATION, TREATMENT,
AND EXAMINATION
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FIG. 1. Conventional electron microgra, corresponding SAED patteiie), and HREM imageb) of as-prepared powder particles.

transferred to carbon-coated copper grids for electron minification in Fig. 1b) reveal an amorphous contrast appear-
croscopy inspection. A holey carbon film covering the cop-ance throughout the material. This observation is confirmed
per microgrids was used to allow HREM imaging without by the diffuse rings observed in the selected area electron-
support disturbance. diffraction (SAED) pattern, Fig. {c), corresponding to the
Conventional electron microscopy in support of the high-bright-field image of Fig. ). Figure 2 shows two indi-
resolution work was done in a JEM 100 C operated at 10&idual amorphous particles having an irregular surface with
kV. HREM was carried out in a JEM 4000EX operated atroughness down to the scale of 1-2 nm. The high surface
400 kV. Electron micrographs were taken with the objectiveroughness reflects on the particle formation process by the
lens appropriately defocused, so as to achieve optimum coragglomeration of primary clusters. Typical Raman spectra of
trast(i.e., near Scherzer defoqusf the amorphous particles the as-prepared powdgshonon band at 507 c¢rl) show the
and to allow imaging of the channels characteristic of theoptical-phonon band downshifted by approximately 10
lattice of (110) oriented crystallites as bright dots. With an cm ™%, as compared to bulk crystalline silicéphonon band
electron beam current density of less than 10 A éapplied  at ~520 cmi ).’ This downshift can be attributed to arise
during examination, no changes in the observed structurefsom confinement effects, due to the 2—3 nm-sized clusters,
were observed. Real and Fourier space image processing which are observed in the HREM images.
the micrographs, recorded ax40® magnification and digi-

tized with an eight bit depth of gray level, by means of the

Y B. Formation of medium-range order

NIH “Image and GATAN “Digital Micrograph” pro-
grams aimed at noise reduction, contrast enhancement, and Upon mild annealing fol h between 300 to 600 °C, no
reciprocal space characterization. apparent structural changes were observed. However, careful
inspection of the dark-field image revealed nonuniform
IIl. RESULTS AND DISCUSSION bright specks, as shown in Fig. 3, which points to a nonho-

mogeneous atomic distribution. Correspondingly, circular

As HREM is well suited to characterize the structural pe-contrast features extending from 1.5 to 2.5 nm in size, as
culiarities of individual powder particles, it needs compari-marked by circles in Fig. 4, could be observed in HREM
son and a rating in order to extract information on the greaimages. Presumably, they are due to partially ordered re-
many particles forming the powder. The results presented in
the following, by observing this demand, are interpreted and .
discussed in the context of optical, Raman, and infrared |
spectroscopy results, as well as in the light of the literature
on cluster stability and solid phase crystallization of
group-1V semiconductor materials.

zr.ﬂvr:-wrr-
‘,___ d‘

A. As-prepared powder structure

The as-prepared powder particles are agglomerated in u ‘-:g,
blackberrylike or cauliflowerlike shape, as shown in a con- :
ventional electron micrograghrig. 1(a)]. The nearly spheri-
cal particles of 8—24 nm in size form a highly porous body
of powder having a large specific surface areal62 FIG. 2. HREM images of individual amorphous particles of the
m? g~ 1).® HREM micrographs as the one shown at low mag-as-prepared powder.
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FIG. 3. Dark-field image, recorded by using the intensity of the
first diffusive ring[cf. Fig. 1(c)], of the powder after 1-h annealing
at 600 °C.

gions, which possibly are present already in the as-prepared

powder and become more pronounced upon annealing. Im- £ 5. 15 atoms cluster discussed in Refs. 15 anduffper

age contrast calculations, according to appropriate structur@hry, and fivefold twinned dc crystallite nucleated at this seed
models, which are under way ndWwill help to substantiate  (jower pan.

this observation. Fivefold twinned structures formed upon

annealing at higher temperatures suggest the presence of ptsdecahedral shape, is found to have the lowest energy as

formed clusters of medium-range order having noncrystallocompared with ring or with corannulenelike bowl mod®s.

graphic symmetry, which serve as seeds in the amorphoustability calculations also predict the existence of larger

to-crystalline transition. It is obvious to assign these seeds telusters such as Si33, Si39, and Si45, with various cage-core

the primary clusters formed during the particle synthesisonfigurations®=2*A common feature of all these models is

process:® the presence of inherent noncrystallographic symmetries
The stability of clusters of carbon, silicon, and germa-(pentagonal ringswhich, because of a possibly enhanced

nium, having a cage or a cage-core configuration, and thetiucleation probability, may play an essential role in the for-

possible role in crystallization of the diamond culiiic)  mation of crystalline phases.

materials has been discussed in the literature. Hydrogenated

carbon clusters C15 and C20, the carbon cage of which cor- C. Onset of crystallization

responds to the hydrocarbon molecules hexacyclopentade-

cane and dodecahedrane, respectively, are believed to be ef- Prolonged annealing of the powders at 600(3G h re-
fective in the formation of diamond from methalfe. Sults in numerous circular contrast features in HREM im-

Similarly, a Ge 15 cluster is believed to form the nucleus of29€S; s shown in Fig. 6. A medium-range order manifests
fivefold twinned structures in thin-film formation processes!!Self t0 an increasing extent, and with enhanced visibility,
by physical vapor depositiolf. Attachment in a crystallo- €V€N at modera.te a.nneal'lng temperatures. Upon exceeding a
graphically favorable position of atoms from the surroundingChitical size, which is estimated to be about 3 fistable
amorphous phases on the 15 atoms seed, as sketched in p%rlggstallltes may nucleate around these localized ordered ar-
spective view in the upper part of Fig. 5, will lead to a
fivefold twinned crystallite, shown i6011) projection with
the seed encircled in the lower part. C20, a cluster with

FIG. 4. HREM image of an individual amorphous particle with FIG. 6. HREM image of an individual amorphous particle with
circular contrast featurdgsome marked by circlesfter 1-h anneal- an increased extent of circular contrast featuie= circles after
ing at 600 °C. 5.5-h annealing at 600 °C.
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FIG. 7. SAED pattern of the powder after 1-h annealing at ) . . .

700 °C. FIG. 9. Fivefold twinned crystallite formed by 1-h annealing at
700 °C with the FFTinse} exhibiting a pseudopentagonal symme-

eas where the growth could proceed by rearrangement ct>r '
atoms at the amorphous-to-crystalline interface. Dependinghe nontwinned crystallites are mainly bounded {iy 1}
on the crystallographic nature of this interface, there can be fces, where further growth is largely restrictédherefore,
pronounced difference of growth rates in the dc lattit€he  they rarely grow to observable sizes as compared to fivefold
portion of {111} faces formed at a growing crystallite will twinned crystallites, which exhibit rapid growth along the
prevail over that of other faces, even for very small sizesfivefold twin junction, as well as along the twin boundary

LU . 4
unless there are appropriate defects that engid} layer directions? . o o
growth pprop 4 lay Already at this stage of crystallization growth twinning is
. observed. Since the excess twin energy is rather small,

Upon 1-h annealing at 700 °C, crystallization distinctly rowth twinning. schematically represented in Eia. 10. is
sets in. The SAED pattern shown in Fig. 7 exhibits dotte 9, . y rep 101216 197'24_2é
very common in dc semiconductor materifis?16:1":

rings superimposed on diffuse broad rings, which is charac.—l_he rowth of stable crystallites proceeds by rearrangement
teristic of a low-dimensional crystalline phase in an amor- . at%ms at the amoryhous—to—(?r stallina—()é) interfa%e
phous matrix. Frequent events of small-scale crystalline Or'dashed ling The {111} f; or rovvtr): requires nucleation of
dering are observed, as shown in Fig. 8, where th hree atomgshaded, tha'[ymag be stac?(ed in regular or in
diffractogram obtained by fast Fourier transfofffFT) of twin position. to form a ste y Rabid arowth is genable d b
the image exhibits fainfl11; spots. In addition, fast-grown twinn?n on{il]} since refgrlred r?uclgation sites, re uiriny
fivefold twinned crystallites occur, an example of which is 9 i ’f onl tF\)No atoms. are provided ’at t?]e tw?n
shown in Fig. 9. The corresponding diffractogralfT) [:)%?Jrrrlzr;?errgee%tr:m eél éarrows The ovgrla in the center
clearly exhibits ten spots of{d 11}-type of the five mutually fth 3(1 gt th H.REM' y trast achieved
twinned units azimuthally rotated to each other by about 72°0! IN€ scheme represents the /l Image contrast achieve
by appropriately defocusing the objective lens to allow im-

aging of the channels, characteristic of 40 crystal pro-

. FFT jection, as bright dots.
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of twins in the dc cubic latticé(110) zone axi$. Atoms from the
FIG. 8. HREM image of small-scale crystalline ordering in an amorphous phasghadedl may be rearranged at a plarafc in-

amorphous particle after 1-h annealing at 700 °C; inset: FFT of theerface (dashed ling or at reentrant edgeg@rrows of the twin

crystalline region. boundariegsolid lineg emerging to thea—c interface.
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'3 nm i D. Progress of crystallization and formation

of an oxide surface layer
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Raman spectroscopy of the powders indizc):ated increasing
FIG. 11. Fivefold twin junction(circle with arrow surrounded CLYfSttE:j”m'rt]y upon 1-hkan£egllng :{[170r(])—900 Ghehdr?.wﬂ'
by parallel and azimuthally rotated twin lamellas with additional "€ _p onon peak of-507 C“." S grpens W'F igher
multiple twin junctions(encircled formed by growth twinning. anngallng temperaturg, su_ggestlng an_mcreajse in the volume
fraction of the crystallites in the material. This peak, down-

Typical structures formed by growth twinning are shownshifted from the Raman peak of crystalline bulk Si at 520
in detail in Fig. 11. Repeated twinning on alternate twincm™?, suggests a size confined crystalline structural arrange-
planes lead to the formation of parallel and azimuthally ro-ment. A closer insight in the progress of crystallization upon
tated twin lamellas and of additional multiple twin junctions annealing at 800—900 °C is obtained by HREM. In almost all
(encircled, with the enlarged circle showing the original five-particles, an extended crystal lattice with characteristics of dc
fold twin junction. Because of noncorrelated twinning Si appears. Because of extensive growth twinning a heavily
events higher-order twin boundarfésare also formed be- faulted structure, from which Fig. 12 gives an example, is
tween twins that lack a simple mirror orientation with respectobserved in many particles. Tensile stresses arising from vol-
to {111} faces to adapt lattice misalignmeniarrow). By ~ ume contraction during crystallizatifhmay be relieved by
further growth of neighboring units, these sites of inhibitedpartial dislocations passing through the lattice thereby creat-
growth become grown-in configurations of higher enélfgy. ing stacking fault®’ in the two-dimensional twin networks.

FIG. 13. Overview of the almost completely crystallized powder after 1-h annealing at 900 °C.
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about 350 °C. The formation of an oxide shell was clearly
visible by HREM, only in samples annealed at 700 °C or
higher, as can be observed by comparison of the images
shown in Fig. 14. Oxidation may have taken place, due to the
traces of oxygen present in the annealing atmosphere or the
rearrangement of the oxygen atoms, which are known to be
present in the as prepared powder after exposure to the at-
mosphere. At 900 °C the oxide surface layer evolves to a
thickness of about 2 nm. Because of this oxide layer, sinter-
ing of particles is effectively preventéd.

IV. CONCLUSIONS

Crystallization of amorphous nanosized silicon powders
has been achieved by means of defined annealing proce-
dures. The crystallization is preceded by medium-range or-
der formation, probably with the primary clusters formed
. Lo . during the powder synthesis serving as seeds. Besides small-

F'G‘ 14. HREM images of mghvndgal powder part'des.aﬁer scalegcrystglline ord)(laring, from thegvery beginning of crys-
various stages Of.annea“ng’ showing different degrees of oxide SUallization fast-grown fivefold twinned crystallites occur. The
face layer formation. crystallization proceeds mainly by growth twinning, leading
to a heavily faulted structure of the dc lattice. During heating
. . surface roughness, particle size and the extent of agglomera-
An overview of the powder upon annealingrit h at . tion are widely preserved. At 700 °C and above, an amor-

gﬁg (i IS rg::vlerl Iln F'rg' tI:TI.izTr:je th;atirnral trze?/}rr:went rr]eiults m_phous oxide surface layer is formed that effectively prevents
aimost compietely crystafiized particles having a na OCrySsintering of the powder. Crystallization and surface oxide

tal_Ilne fabnc_ characterized by a h'gh density of twin boun.d'formation, governed by local structural conditions, lead to a
aries of various order. No considerable change in pamc:ii

X d the d f | i b d. Vi ariety of structures reflecting the nonhomogeneity of the
size and he degree o agglomeration was observed. Visu 1s-prepared powders. Efforts are in progress now to find out

ization of the crystal lattice mainly is supported by imaging routes for the production of more uniform materials that al-

qf {113 Iafctlce plane frmges._Because of _the mirror Qr'enta'low us to obtain particulates with a controlled microstruc-
tion of twinned crystallites first-order twin boundaries are ure
easily recognized. Besides amorphous remnants in the inte-
rior of particles, an amorphous shell covering the crystalline
cores is distinctly visible.

According to infrared spectroscoi?yalready in the as- The authors would like to thank Dr. W. S. Bacsa for Ra-
prepared powder, a minor quantity of oxygen is presentman spectroscopy. This work has been partially supported by
Rapid formation of silicon oxide, which is presumed to bethe Fonds National project of the Federal Government of
nonstoichometric, begins with annealing at temperatures dbwitzerland under Contract No. 2100-039361.93/1.
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