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Abstract

A structural electron microscopy study ¢f 1 1)Si samples implanted with'C+N* at low energie<30 keV) and high-doses
(5x10* at. cnmt? for carbon ions and 6<7.0'7 at. cnt? for nitrogen ionsis reported in this paper. Implantations were carried
out both at room and high600 °C) temperatures. Samples implanted at high temperature and annealed after implantation show
a buried layer consisting of a mixture of some amorphous component and single-crystalline cryé&ilitasd probably Si I\
and G N, well oriented with respect to thél 1 1)Si substrate. Both inclusions and amorphous phases are included into a well-
aligned Si matrix. The crystalline structure of buried layers resulting after implantation at room and higher temperatures is
reviewed. The obtained structural results are confronted to the actual literature. These are encouraging results in order to use tt
ion implantation to obtain stoichiometric crystalline thin layers.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction tronic devices operating at extreme conditions of high
temperature(HT), high frequency, high power, high
lon implantation has demonstrated to be an ideal radiation and chemically aggressive ambient. SiC pos-
method for modifying near-surface properties of mate- sesses high resistance to oxidation, corrosion, creep and
rials and offers advantages to accurately control stoichi- excellent mechanical properties at HTs as a high-strength
ometry and thickness of surface and buried layers by anstructural ceramic. lon beam synthesis allows the for-
appropriate choice of ion energy and dose. This methodmation of SiC at temperatures lower than that used for
as a non-equilibrium process is suitable for modulating other standard techniques. The formation of thin SiC
radiation-induced damage, dopant diffusion, mechanical surface layers has recently been proposed as suitable
and electronic properties and for creating new phasessubstrates for the heteroepitaxial growthpeSiC on Si
and compounds because it allows solid solubility limits [9] or for creating SiC on insulato{SiCOI) structures
to be largely exceeded. Buried layers and interfaces[g]. SiC buried layers have also been synthesized by
created by implantation of silicokSi) have fields of  carhon ion implantation into silicon and HT annealing
application as, for example, in high-efficiency solar cells y various authors. The bests resuSiC structural
[1] or in silicon on insulator technologid2—-§. _ quality) were obtained when higher substrate tempera-
Silicon carbide (SiC) is a W.'de band_ gap Semi-  y,res were used during the implantation procss13.
conductor and has been extensively considered for eIec—-I.hese carbide layers are placed under a thin silicon
*Corresponding author. Tel.434-956-016335; fax:+ 34-956- layer being thL.jS a new viable way to obtain a Seed.layer
016288, for further B-SiC or GaN CVD or MBE growth. Resid-
E-mail address: fmiguel. morales@uca.€¢& M. Morales. ual stress on the silicon over-layer and the inner presence
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of already formed3-SiC well-aligned grains are expect- Table1 3 _ _
ed to enhance the essential formation of a thin carbon-/mplantation conditions ((a) Temperature of implantation(b)
ized Iayer[14] before SIiC or GaN depositions. In this Implanted ions dosedc) Temperature and time of annealihdor

. - L studied samples
way, other option to facilitate surface carbonizations

using implanted Si would be to sacrifice the obtained Sample T implant Dose(at. cm2) T annealing
Si over-layer by oxidation and later removing by etching, RT 6.7 1017 N* 1200°C/3 h
thus bringing the SiC buried layer to the surface. On g RT 6.7x 107 N* 1200°C/3 h
the other hand, applications of semi-insulating SiC 5x 107 C*

buried layers as SOI structures in CMOS devi¢ék C 600°C 6.75 1017 N* Not
efficient etch-stop layers suitable for high-quality SWB 5x 107 C*

SOl substrate$SOIl by Si wafer bonding membranes 600°C 6.7% 107 N* 1200°C/3 h
and micromechanical useft,19 or suppression of 5% 107 C*

transient diffusion enhancemeitED) of dopant spe-
cies[16,17 have been demonstrated forC implanted
Si structures.

Silicon nitride (Si;N,) is most used in microelectronic . . :
industry as an insuTatz)r in SOI structures. Some attemptsw'th respect to the _substrate orientation. Othe_r attempts
of Separation by IMplanted Nltrogei$IMNI) structures to olbtatl_n S;\Cli a_nd 31 N hcompsqag]s were; carrutad”_out by
have been successfully carried out by N implantation gncp ?Eling I amorphous sl or polycrystailine
into silicon [2,3,9. Nitrogen implantation into Si have IH ' th hani involved in the il
been successfully applied for hardening of Si surfaces. OWEVEr, the mecnanisms involved In the silicon co-

[18], etch-stop purposed 9,24, partial inhibition of Si gnplanted region Whlen SNO differt?]nt io_n_s aref lf[ﬁed
oxidation [21], formation of shallow g —n junctions in ecome more complex because the mixing o ree

boron doped silicor{22] or stabilisation of SOI buried elements occur€Si and the two co-implanted elements

oxide layers for subsequent epitaxial growth@eBiC/ The present work studies the structural properties of

SOl structureqd7]. N* implanted Si structures are also I_?r)]/erst for{nedl b%’ co-imple_m_tati;)r:j Qfm anQ*Cl ir; SdIS
used for controlling the thickness in gate oxides, € structural changes originaled in the co-implanted S

applications in gate insulators for metal-oxide semicon- region are discussed comparing with literature results

ductors(MOS) devices[23], buried layers with electric obtained by implantation of a unique eleméat or N)

properties[24] and attainment of tribological properties In S"_The purpose of this yvork IS to undergtand the
for micromechanic devicek2s] material modifications when ion beam synthesis exceeds

Carbon nitride(C,N,) is characterized by high-hard- the solids solubility limits of C and N and to characterize
31N4

ness, high wear resistance and low coefficient of friction. the formation of new phases.
Its chemical, structural, electrical, optical, thermal and _
mechanical special properties make it an attractive mate-2. Experimental
rial for industrial operation. There is currently significant
experimental[26,27 and theoretica[28,29 interest in Both-side polished(1 1 1Si floating-zone wafers
the synthesis and properties of G N materials due in were implanted in a modified Varian Exitron ion implan-
part to the early prediction thg2-C;N, should be as ter. Four samples were implanted at 30 keV using N
hard as diamondi28]. C;N, phases have been produced (in sample A or a gas mixture of C@ N, (in the rest
by ion beam synthesis using negative carbon and posi-of the samplesas ion sources. The implantation doses
tive nitrogen ions[30], C* and N into diamond were 5<10' at.cm? for carbon ions and 6<7L0'
substrates[31], nitrogen implantation of graphite or at.cm 2 for nitrogen ions. Samples A and B were
glassy carbon32-34 and N' into SiC[35,36, but implanted at room temperatuleRT). Sample A was
they were not produced using silicon as a substrate.  only implanted with N* and subsequently annealed at
Carbon plus nitrogen implantation can be used to 1200°C for 3 h. Sample B was implanted with"C after
obtain compliant substrates. This fact allows a reduction the N* implantation, and the same post-implantation
of the lattice constant in the silicon over-layer and the annealing was applied. The other two specim@band
achievement of mechanically flexible surfaces for D) were N*+C* implanted at HT (600 °C). No
improving epitaxial overgrowth$37]. The idea of co- annealing was performed in sample C while sample D
implanting carbon and other elements in Si started was annealed at 1200C for 3 h. The annealing
because carbon can both reduce the lattice strain andreatments were made inside a furnace in purg N
facilitate the precipitation in ion beam synthesized JBS atmosphere. A schematic view of the implantation con-
SOl structures[38]. SiC and Sj N coexistence in ditions is shown in Table 1.
implanted Si has been occasionally shown as polycrys- Transmission electron microscofyEM), high-reso-
talline inclusions[39] but not having well-alignment lution electron microscopyHREM) and selected area

Note that all the implantations were carried out at the same energy
of 30 keV.
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Fig. 2. SAED pattern of layers A and.,A registered alc{ﬂg{ 0]
The polycrystalline nature of Si in layer,A , the amorphous nature of

Fig. 1. XTEM image of layered sample A. These layers have an aver- A, and the misorientation of grains in both layers are evidenced.

age measured thickness from XTEM images of 50 nm for A , 30 nm
for A, and 20 nm for A .

registered from layer A near layer,A . The most intense
electron diffraction(SAED) were the techniques used ordered spots in the pattern are due to ttel 1)Si
to study the inner crystalline structure of the samples. matrix of layer A, while the spots situated between the
Scanning electron microscog$EM) was used to check ~ main spots(at distances of A3 of the distance between
the samples surface morphology. Specimens were prethe main spotsare originated by the twinned nature of
pared by cross-section TEMXTEM) and plan view this deepest regiorilayer Ag). There are other spots
TEM (PVTEM) using mechanical thinning and Ar encircled in the pattern of Fig. 3. The one labelled as
milling at 4.5 kV in a Gatan Dual lon Mill system. ‘o’ corresponds toa-Si;N, for a lattice parameter of
Conventional TEM was carried out in a JEOL JEM- 0.208 nm associated €03 1) or (331 crystalline
1200EX electron microscope and a JEOL JEM-
2000EX/THR was used for HREM, while SAED
analyses were performed in both microscopes. A JEOL
820-JSM was the equipment used for SEM experiments.

3. Results
3.1. Sample A

. ~

XTEM images of this sample show three well-defined 5§ . .
layers labelled as A , A and A in Fig. 1. These layers &4 . . .
have an average measured thickness from XTEM images 4 {
of 50 nm for A, 30 nm for A and 20 nm for A .
SAED patterns were registered from these layers and \ \
crystalline Si was detected in the three layers altogether. @ 2 .
From these patterns, polycrystalline Si is the unique . ) .Sl (111) ;
crystalline phase in layer A . Layer A is mostly
amorphous and layer A corresponds to twinned single- OI'winned Si
crystalline Si. In layers A and A, $i N(a and B) .
crystalline formations with theif1 1 1) planes misori-
ented with respect to th€l11) planes of the Si
substrate were detected.

Fig. 2 shows a SAED pattern of highly misoriented

.gra.lgs of Si Conﬁtltu“ng tle.lye.r ﬁ ?’I%d gr&lllns Intdllﬁded Fig. 3. SAED pattern of layer A near A registered alofigl (]
INSide an amorpnous matrix in A . € po ycry:_; aliN€  The main ordered spots corresponds to laygf$i matrix and twing.
amorphous nature of these layers was confirmed by spots &' and ‘g are due toa- and B-SisN,, respectively, while the
HREM studies. The SAED pattern of Fig. 3 was rest of the spots encircled are relatedotoand/or B-SisN,.
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Fig. 4. HREM image of interface #As. The inset shows a magnified detail of Si inclusions dispersed into the amorphized layer A while the
elongated contrasts inside layeg A denotes twin planes.

planes. The diffraction spot labelled g% ‘corresponds  showed an amorphous structure. Both layers contain
to B-Si;N, for a lattice parameter of 0.218 nm, associ- inclusions of different crystalline nature inside. SAED
ated to (021) or (221) planes of B-SisN,. Spots patterns of layer B corresponds to single-crystalline Si,
encircled and without label index for different planes of but bright field XTEM images of this layer showed a
Si;N, but the distinction between the and p natures  darker contrast than layers;B and B , probably associ-
of these polycrystallites was not possible. The rest of ated to the presence of N and C atoms solved in the Si
the spots in the figure correspond to poly-Si. matrix without having changed the Si single-crystalline
HREM images of the /A interface and inside the  Structure. Average thicknesses measured from XTEM
A, amorphous layer were carefully registered in order images are 82 nm for layer,B , 85 nm for layey B and
to detect Si or Si M phases and its main characteristics.22 nm for layer B . More detailed study of this sample
The infrequent presence of these nitride phases into thecan be found in an earlier publicatida9].
amorphous (foreseen by the low intensity of their ~ Fig. 5b shows a typical SAED pattern belonging to
corresponding diffraction spotslid not allow the obser-  the three layers of sample B. In this pattern, the main
vation of nitride isolated grains into the amorphized ordered spots are due to the diffraction of single-
layer. However, some Si inclusions near the abrugt A  crystalline Si(B;) while planes from polycrystalline Si
A, interface were detected as that shown in the HREM (B,) originate rings of dots. The rest of the dispersed
image of Fig. 4. These Si inclusions have irregular dots(from B, and/or B,) were indexed considering the
shapes and are randomly misoriented with respect to thelattice spacing of phases related to Si, N and C combi-
Si matrix. They are generally less than 10 nm in nations, thus taking into account the structures of Si,
diameter and their areas are smaller than 58 nm . TwinsSiC cubic (3C) and hexagona(2H, 4H, 6H and 8H
are extended along the entire layey A . Moreover, X-ray polytypes, Si N (o« and ) and GN, (B). The spot
diffraction and FTIR measurements carried out for this labelled as &' corresponds toa-Si;N, for a lattice
sample showed more data, which support the existenceparameter of 0.1790.003 nm associated t¢l 3 1)

of Si—N phases inside this multi-layer structdgg]. planes(real spacing: 0.1770 nmor to (3 3 1) planes
(real spacing: 0.1805 nmThe rest of the spots encircled
3.2. Sample B in the figure cannot be assigned to a single phase but

undoubtedly do not correspond to Si inclusions. For
XTEM images of this sample show that implantation example, the spots labelled ag X corresponds to a lattice
of N and C at RT and post-annealing originated three spacing of 0.148-0.003 nm. This parameter is assign-
well-defined layers(B;, B, and B; in Fig. 5a. The able to different planes of hexagonal S{¢H, 4H, 6H
HREM and SAED studies revealed that layer B con- or 8H) or SN, (a or B). Acting in this way, X, is
sisted mainly of polycrystalline Si while layer ,B  proposed to be originated by 8H-SiC ok Sj M or B);
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in order to detect the nature and the misorientation of
the inclusions with respect to the Si matifi%3]. The
small relative twist between grains and the substfade
could be calculated from Eq1)

d ;
Dyoire= > > S'dINCL (1)
Vd&i—dincL — 2dsid\ncCoLa)

whereds; represents thél 1 1)Si planes spacingfnc.
represents the inclusion planes spacing dnlgore
represents the Moire fringes spacing. This real tfast
is associated to the angle of rotation between the Moire

Fig. 5. Sample B characterizatiota) XTEM image of sample B
showing layers B (82 nm), B, (85 nm) and B; (22 nm). (b) SAED

pattern registered alond 10  of the Si substrate and layers B , B
and B;. Concerning layers,;B and,B , spat is due toa-Si3N, the
dispersed dots labelled as, X X ,¢X and,X corresponds to SiC or
SisN, or C;N, misoriented new phases while Si inclusions are also
detected.

X4 corresponds to hexagonal Si@H, 6H or 8H or -
Si;N,; X, corresponds to SiG8H or 30), B-SiN, or
B-CsN, and X corresponds 6H-SiC or one of the phases
proposed for X . There are other isolated spots
assignable only to the diffraction of Si inclusions into
layers B or B .

HREM images from layer B and near the, /B,
interface allow us to corroborate the presence of the
inclusions detected by SAED experiments. Fig. 6a showsF_ 6. HREM | . e Ha) Moiré contrasts located insid

H H 1g. 0. Image or sample Ba olre contrasts located Insiae
Kl/lg:?eE,fvrI”:r;:sge tﬂ;la¥§;u5|t :‘/;/(l:r?]ré':(l-h]e- 1;?;)2:%2;5“32(10]; layer B, d_ue to Si,_SC-SiC_ and other in_clusio_ns not beir!g'vﬁhite
g ' A - ; o arrows point out SiC or $i N or € N inclusions(b) Moire pro-
(11 DSi and crystalline 'nf:lUS'On planes, are indicated. moted by ag-Si;N, inclusion just near layer B (c) Si inclusion
The analyses of these Moire patterns were carried outplaced inside amorphous layes B .
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fringes and the substrate fringes in the imd@e by
Eq. (2).

dgsin(a)
Vfd%i —dfyeL — 2dsid\nc COS )

From our HREM/MOIRE images some of the fixed
parameters related to the inclusions suctDgs,z¢ and
B can be measured usinf};=0.3130 nm as reference |
spacing. Thus, using a fitting system of two equations |
with two variables, the parameteks and d,yc_ are
extracted. The parametéy,c,_ is compared to the plane
spacing of possible new phases. We have to note that|
in these careful analyses, the parameter of the polycrys
talline Si in layer B matrix is assumed to be relaxed. |
This fact is supposed after the comparison with respect |
to lattices measured inside the relaxed single-crystalline i~
Si (far away from the strained surface and below layer
B,). The measurements of spacing and angles in the |
HREM images were carried out using the fast Fourier
transform of the Moire contrast region and the error was |
estimated to be approximately 0.0500 nm forDyore |
and +1° for B, having an influence in the calculated
values of+0.0025 nm ford,yc. and +1° for a.

Many inclusions cannot be assigned to a single phase
again but the majority of them are clearly not related to
polycrystalline Si. In this way, the Moire’s fringes
marked with an arrow in Fig. 6a and a lot of inclusions
for similar regions, indexed for SiC, SiN anfor
C;N,. The Moire contrasts labelled as ‘Si’ in the figure
correspond td1 1 1)Si planes rotated F8with respect
to (1 1 1Si foundation planes. For the inclusion labelled
as ‘3C-SiC’ in Fig. 6a, the Moire pattern is originated
by a grid of planes spaced 0.259.002 nm and rotated
approximately 7 with respect to th€1 1 1)Si planes of
the matrix. These planes are most probably ¢thd 1)

sin(B)= (2

CELTTTRURORC AR VPR EERR, £

..................

_Q ; ; : ; Fig. 7. HREM image of layers C(well-aligned Si into amorphous:
planes of 3C-SiC showing a logical small strain since 26 nm, C, (amorphous: 61 ninand the Upper part of layer.Gsin-

its pfarameter is 0.2511 nm in relaxed state. The indu_Si_Ongle-crystaIIine Si with a darker contrast than the rest of the substrate:
of Fig. 6b was detected very near to layey B and it is 125 nm.
proposed to be due tf-Si;N, because a grid spaced

0.293+0.002 nm(like (O_ 01 ,planes ofB-SisN,) _and B at the area affected by implantation near the surface.
23 rotated promotes this Moire effect. HREM images Thjg fact denotes the higher hardness that the implanted

of layer B, show that Si grains are contained into an yegion possesses in relation to the Si non-affected
amorphous matrix, as that shown in Fig. 6c, but inclu-

sions of other nature were not detected by this technique.
All the inclusions of new phases detected in sample B
show irregular shapes spreading to elliptic forms with

sizes from 18 to 170 nfn . The average size of inclusions ) : .

is 50 nnt. Concerning the coherency of new phases_nsml.zléa(erers)Qnr;hlckness is 60+ 1) nm while layer G

with respect to the matrix, the detected planes are almost SAED patterns for layers C . C andsC were regis-

a_hgne;d insome cases and very rotated in other tered in XTEM and PVTEM preparations of sample C.
situations. : . . . ;
Layer C, mainly consists of Si crystallites included
3.3. Sample C inside an amorphous matrix. These Si crystallites are
perfectly oriented with thé1 1 1)Si substrate material.
In this sample the ion milling resistance during XTEM Layer G, shows an amorphous nature whilg C is Si
specimen preparation was higher than in samples A andsingle-crystal in the same orientation than the substrate

substrate. XTEM images registered alofigl Q| zone
axis let the visualization of three different layers

(labelled as € , ¢ and £ in the XTEM image of Fig.

7. Layer G thicknes$measured by XTEMlis 26 (+2)
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Fig. 8. HREM image of layer € . The ellipses surround PD and three different plane families of {1 1 1}Si are shown and labelled.

but showing a darker contrast in bright field TEM image  The aspect of the transition between an amorphous

mode. area with a continuous contrast and a single-crystalline
Analyses of SAED patterns show that the Si present area with a very heterogeneous contrast is displayed in

at region G always has the same orientation than theHREM images of G/C; interface. Fig. 8 shows a

silicon substrate. SAED patterns of layey C from big [110] HREM image of layer ¢ where several planar

regions and registered at long exposition times showeddefects(PD) are visible. These defects are labelled and
only the transmitted axis indicating the amorphous empraced inside ellipses in this image.

nature of G while SAED patterns of region;C are A dislocation study of sample C showed that there
identical to the diffraction shown by the deepest sub- \yere not extended dislocations present in this sample.
strate. The electron diffraction of the three layers alto- The gb criterium with reflections 220, 11 1, 11 and

gether in .XTEM and .PVTE.M _samples correspond.ed 0 0 2 was followed to make the latter asseveration.
only to single-crystalline Si without extra spots in

patterns. This fact indicates neither existence of crystal- 3. 4. Sample D
line structures related to combinations between Si atoms
of the network and the implanted atoms nor polycrys- Three well-defined layer¢D,, D, and Dy are evi-
tallinity in the silicon itself. denced again in the XTEM micrographs of sample D as
In the HREM image of layers C , £ and the upper itis shown in Fig. 9. The thickness measured on XTEM
part of layer G region shown in Fig. 7, crystallites with is 25.5(+1.5) nm for layer Oy , 67.5(+2.5) nm for
the same orientation and contained in an amorphouslayer D, and 45(+3) nm for layer D;. The graded
matrix are detected in layer,C . These crystals exhibit change of contrast in layer,D in the XTEM image of
fringes corresponding t61 1 1)Si planes(parallel to Si  Fig. 9 is due to a graded change of the TEM specimen
substrate surfadeand have regularly elongated shapes thickness. However, layerD is found to be amorphous
in the direction parallel to the surface with sizes that in the region catalogued as,D . From cross-sectional
oscillated between 20 and 200 Am and lengths from TEM and SAED of layers B and D , the distribution
units to tens of nanometer. The detection of any crys- of well-oriented Si in these |a.yerS is found to be almost
talline structure was not possible in the amorphous layer @nalogous to that found in layers C and C in sample
C,. This fact is in agreement with the observed results C but layer O contains less amorphized regions and
by SAED analysis.(11 DSi planes, but without the Well-aligned inclusions of new phases inside it. )
amorphous discontinuity shown in,C , are observed in HREM images from layer b allow to visualize Moire
HREM images of layer € . contrasts due to new phases inclusions and(fh 1)
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Si planes. Fig. 10 shows a cross-sectional HREM image
with some Moife contrasts undoubtedly not due to Si
inclusions in layer D . The Moire analysis permits to
deduce that the inclusions labelled ag X, X angl X are
due topB-C;N, or 8H-SIC, and ¥ and Y are probably
due to 3C-SiC or 6H-SIiC and,Y could e Si;N,, 3C
or 6H-SiC. The Moife Z belongs possibly to-Si;N,
or to some of the 2H, 4H and 6H SiC polytypes. Table
2 shows the lattice paramet€s,) that promotes the
Moirés in each case of Fig. 10 and the angle of rotation
between the substrat&i (1 1 1) planes and the planes
belonging to the new phases. Measured misorientations
for the new phases were less tharf 1th respect to
the substrate while the size of inclusions oscillated
between 29.7 and 100.4 Am . Some of the inclusions
are elongated and others show a circular shape but this
) _ _ ) behaviour seems not to be related to the misorientation
Fig. 9. XTEM image of burled layers in sample .D. These layers have or the character of the new phase. Size and long and
an average measured thickness from XTEM images of 25 nm for . .
D,, 67 nm for D, and 45 nm for D . short distances measured from near and distant ends of
the inclusion’s shapes are also shown in Table 2 linked
to Fig. 10.

LAYER D,

‘\

iy
Si (111)

Fig. 10. XTEM/HREM image of layer B . The inclusions placed at this layer do not correspond to Si and its main features and the parameters
measured and used for the subsequent Moire analysis are listed in the attached table. All these planes are alm@st Higrmdted with
respect to thé€l 1 1)Si foundation planes from the substrate.

Table 2
Main features and parameters used in the Moire analysis associated to Fig. 10

Inclusion Dyoire B d, «a Size L (long) L (shord New phases

(4+0.050 nm (+1) (+0.0025 nm (£D) (nm?) (nm) (nm) (plane assignation
X, 1.121 —-155 0.2463 —3.6 63.5 16.0 3.8 (001 B-C5N,: 0.2460 nm
X, 0.945 40.0 0.2464 9.7 29.7 6.5 5.4 (103 8H-SIC: 0.2469 nm
X3 1.137 3.7 0.2455 0.7 545 13.6 4.5
Y. 1.285 4.7 0.2518 0.9 97.3 20.0 6.0 (111 3C-SiC: 0.2511 nm
Y, 1.269 —-145 0.2523 —-2.8 100.4 11.6 10.1 (102 6H-SIC: 0.2516 nm
Y3 1.205 16.3 0.2499 3.1 46.6 8.9 7.1 (120 B-SizN,: 02490 nm
ya 1.407 -1.3 0.2561 -0.2 33.7 7.9 5.6 2AH/6H-SiC: 0.2570 nm

(120 «a-SigN,: 0.2542 nm
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various solutions(i) a- and B-Si;N, in [00 1] zone
axis (most probablg (ii) B-C;N, [0 0 1] zone axis and
(ii ) hexagonal SiC polytypes. Points labelled as ‘3c’
are assigned tB-SiC in [1 1 1] zone axis and are totally
aligned with (1 1 1Si spots in[1 1 1] zone axis. Arcs

in spots ‘3¢’ and ‘z’ denote that some of these inclusions
are some degrees rotated to the matrix.

Plan view SAED pattern of Fig. 11 presents a couple
of weak rings, labelled as rings ‘a’ and ‘b’. These rings
are associated to the presence of some few and small
polycrystalline grains immerse in the implanted layers.
The disperse intensity around these rings can also be
associated with the presence of pseudo-amorphous mate-

Fig. 11. SAED pattern registered alofi@O0 1] of layers O, D, and

D; from a PVTEM preparation of sample D. The image contrast is
inverted for better visualization of ‘X', 'y’, ‘'z’ and ‘3¢’ spots and rings
‘a’ and ‘c’. The assignation of all these spots are related to well-
oriented 3C-SiQ(3c) and probably Si M (x and 2 and/or C;N, or
hexagonal SiQy and 2.

From the Moire results, the existence of inclusions
(other than Siin layer D, is confirmed even though
their exact crystalline nature cannot be confirmed. In
order to identify the nature of such inclusions a detailed
SAED analysis was carried out. Crystalline inclusions
other than Si were detected from plan view SAED
patterns of this sample. Fig. 11 shows a plan view
SAED pattern of the whole three layers and the Si
substrate. The contrast of this pattern is inverted to
allow an easy visualization of the information included
in it. Diffraction spots due to the Si substrate and Si
from layer D, coincide with Si spots of layer,D . This

rial in an intermediate state of transformation towards
the formed crystals. Identified polycrystalline afwd
pseudo-amorphous material are likely to be associated
to crystals corresponding to spots ‘y’ gfud ‘'z’ (B-
Si;N,, a-SizN,, hexagonal SiC an@r -C N ) for ring
‘a’, and B-SiC for ring ‘b’.

Fig. 12 shows four dark fieldDF) images of sample
D in PVTEM. This technique allows the visualization
(in form of bright contrastsof the dispersed crystalline
grains of different phases into the structure. Fig. 12a

and ¢ are DF images obtained with tA@ 0  reflection
of Si, Fig. 12b is a DF image obtained with the same

2 2 0 reflection of B-SiC in the same area than in Fig.
12a while Fig. 12d is a DF image obtained with the
first vector of diffraction of ‘x’. Some isolate@-SiC
grains are detected and encircled in the image of Fig.
12b. The bright features of Fig. 12d are due to
[0 0 1]Si;N,, the discontinuous Si lattice afol over-
lapping PD.

Dislocations that penetrated 600—700 nm inside the
substrate from the inner interface of layer, D were
occasionally detected. There were some other extended
contrasts, less long and tangled, penetrating-2800
nm under layer B and also associated to dislocations.

observation agrees with cross-sectional SAED and TEM These features are shown in the two beam XTEM image

studies of this sample. In addition to the main spots
assigned to monocrystalline Si, four different families
of diffraction spots, labelled as ‘x’, 'y’, ‘'z’ and ‘3¢’ in
the SAED pattern of Fig. 11 ordered from the lowest to
the highest diffraction vectofg), were detected.

These spots families were indexed using thes
software considering binary crystalline phases formed
between Si, C antbr N. Spots ‘X’ have two possible
solutions for[0 0 1] zone axes otx-Si;N, or B-SisN,,

of Fig. 13, registered with reflection 220 near the
[11Q zone axis.

4. Discussion

Fig. 14 is a schematic summary of the studied samples
where the thickness and main structural features of
layers formed after implantatigannealing are noted.

although these spots could correspond to the forbiddenSEM analyses of surface morphology of samples A-D

{4/32/32/3} type reflections of Si, appearing when
the density of PD parallel to thé€l 1 1) plane is very
high or due to the existence of a non-continuous Si
lattice. Spots ‘y’ indexed assuming tfi¢ 0 1] zone axis

of B-C5N, or [001] zone axes from hexagonéPH,
4H, 6H and 8H SiC polytypes. Spots ‘z' indexed for

show planar surfaces in contrast to some results previ-
ously described where 10 keVV JN implantation at RT
in (100Si and doses from 0.5 to>510*" at.cm?
resulted in the formation of roughness and surface

whiskers of tens of nanometers that became more

pronounced when annealing temperatures incregsgd
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temperature, by means of a mechanism of resonance
jumps of silicon atoms. Such mechanism explains that
the formation of §j N precipitates, recovery of the
disturbed structure and emission of mobile point defects
accompany precipitation of a supersaturated solution of
N in Si during annealing[44]. The « plus B-Si;N,
mixture behaviour was shown in the N ion implantation
literature[3,43,45—-47 though the exclusive presence of
polycrystalline a-Si;N, without B-SisN, was reported

in some other works. The existence @fSi;N, without
B-SizN, occurred at RT 2.5 and 786107 cm 2 of
N* and 200 keV plus 1200C annealing[48], at RT
14X 10 cm2 of 3Nt and 200 keV plus 1200C/2

h annealing[49], at 500°C from 1 to 10<10*” cm 2

of N* and Ny and 95 keV plus 120CC/2 h annealing
[50] and in the presence of Fe atortsl]. We have to
note that the latterx buried layers(in an amorphous
matrix) were produced at equivalent doses but higher
energies(medium ion implantation energigthan those
used in our case. In this way the literature only reports
about Si N,, Si—N bonds or stoichiometric mixtures in
most cases without focusing on the crystallographic
character of the phases formed.

Sample A showed a small reduction in the lattice
parameter in the nearest surface redid®l that denotes
the emplacement of N atoms at substitutional sites after
annealing. This negative straitof contraction was
shown in N* implantation of Si at similar doses but at
higher temperature of implantation in a practically dam-
age-free Si over-layef52,53. However, we have to
take into account thati) the formation of nitride
precipitates is associated with a volume increase of
0.004 nn? per Si atoni38] and (ii) the amount of N
implanted in our samples was over the solubility limit
of N in Si and could create positive straitvolume
increase by interstitial Nand formation of amorphous
Fig. 12. Four DF images of sample D in the same region of a PvTEM SkN4 buried layers. The amorphous phase in, A
preparation(a) and(c) DF images obtained with th@2 0  reflection appee}r_ed because_ th_e N implanted was also We_” O_Ver
of Si. (b) DF image obtained with the 20  reflection of 3C-SiC the critical amorphization dose. The same amorphization

where some dispersed 3C-SiC grains are encirdld)l.DF image appeared in other N implantation experiments normally
obtained with the first vector of reflection of ‘X'

4.1. Implantations at room temperature

The presence of a polycrystalline- and B-SisN,
buried layer in layer A of sample A agrees with the
early theory of Pavlov[43]. N implantation in Si
generates a solid-state chemical reaction, which forms
Si;N,, promoted by radiation-induced defects. The only
possible fragments formations are columns of SIN
tetrahedral characteristics afSi;N, because the struc-
ture of Si governs the mechanism. Although the transi- Fig. 13. Two beam XTEM images of sample D registered with reflec-

tion temperature froma- to B-SizN, is 1450 °C,
P " B-SkN, tion 220 near[L1(Q zone axis. Tangled contrasts just under the

annealing of the implanted samples leads to the a'ppear"lmplanted region are due to small dislocations while two long dislo-

ance of polycrystallinea and B mixture at |0\_’V_er cations penetrating hundreds of nanometers inside the substrate are
temperature$1200°C for sample A than the transition  pointed with arrows.
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Fig. 14. Schematic summary of layers structure and thickness of samples A, B, C and D.

before annealing48,51 and occasionally after anneal- regate in a macroscopic scale during implantation or
ing [54,59. Microtwins at region A were described as conventional annealing at 120Q and it is very resistant
a defect induced by N implantatiof#8] and the pres- to migration because Si—-C bonds formed have high
ence of heavily damaged regions in the back interfacevalue of activation energy for an effective segregation,
of the nitride layer with the underlying Si was shown much higher than the Si—N system. By this fact, C fixes
in N implantation at RT after annealing9,54. in very small stationary SiC precipitates in a microscopic
Sample B has a similar behaviour to A, but effects scale[60]. Some other researchers have found dsy
of carbon implantation results in a longer depth distri- SiC polytype after RT implantation and annealif@d].
bution of the region affected and in the appearance of Furthermore, they had found a significant dependence
phases with Si and C atoms combinations. Polycrystal- of 3-SiC fraction in the as-implanted samples on the
line inclusions of Sia-SizN,, B-SisN, andB-SiC were magnitude of the implantation energy used, for doses
detected in regions B and ,B. The presence of and implantation energies of the order used in this work.
hexagonal SiC new phases in, B and B cannot be They attributed this fact to ion beam induced crystalli-
unambiguously confirmed but some diffraction spots in zation (IBIC) effects but much care was taken in order
our SAED experiments could be originated by 2H, 4H, to avoid self-annealing effects in our samples A and B
6H or 8H-SIC. Nitride components appearance was and the sample holder was maintained at RT by means
cleared before. Carbide mix was observed by someof a closed cycle circuit during the implantation. Any-
researchers in RT € implantation of §&7,59. Nor- way, the evolution of the various SiC phases after
mally in the as-implanted state Si—C bonds are detectedannealing is well described by the classical nucleation
forming microregions of SiC, which may be crystallites and growth theory using a two-dimensional growth
of «-SiC or amorphous SiC clusters. At anneal temper- model. Contraction and expansion contributions of the
atures in the range of 800-90C, depending on the network were detected in sample[B9]. Contraction is
implantation conditions, a transition f-SiC occurs as  probably due to N and C disposition in substitutional
a result of both crystallization of the Si matrix, and sites of the Si lattice. Its lower masses facilitate the
misfit strain [38,59. However, C does not easily seg- incorporation in substitutionaltetrahedral sites and a
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reduction in the bond length. This dilution could be the

27

crystalline and defect-free even without annealing

reason of the darker contrast showed by laygr B . Otherbecause the nuclear energy deposited into surface
reasons of contraction after annealing are the rearrangeregions is very low. Moreover, SiC polycrystalline over-

ment of displaced Si atoms and the so-called free-

layers were found in RT implantation into Si at 40 keV

volume accommodation, because SiC formation leads toand 3.8< 10'” cmv 2 of *C* before RTA annealin$8]

a volume reduction by a factor of approximately6D)].

and top S§{N layers have been also shown in N

Expansion effect is attributed to disorder and the for- implantation experiments at RT plus anneal{i7d].
mation of random metastable phases and anisotropic
structures after annealing. Another reason is that ‘inter- 4.2. Implantations at high temperature (600 °C)

stitial’ fraction of C and N atoms is still dominant after

annealing in some places of the specimen layer structure HT implantation at 60CC is the main experimental
[62]. The presence of affected Si regions under SiC feature of samples C and D. HT implantation allows

buried layers was also shown in RT implantation of C
after annealind63].

self-annealing processes and enhanced diffusion of
defects. Amorphization could be avoided although large

The post-implantation annealing process was enoughdamage complexes which often collapse to form extend-

to transform the surface layers A and B into polycrys-
talline Si but not for annealing out all the amorphous
phase of A or B . Amorphization occurs at RT implan-
tation by ionic impact onto the surface. A critical density
of lattice disorder is built up or small discrete zones of
damage(resulting from the overlap of individual colli-

ed defects can be created. At HT the formation of SiC
and Si N, is favoured and the level of damage in the Si
over-layer is reduced. There are not much attempts in
the low energy range of work for nitrogen ions HT
implantation using our doses range. However, there are
much results for medium energi€s= 100—-200 keV.

sion cascades and subsequent relaxation of mobile poinBuried layers of amorphous Si,N and polycrystallie
defects accumulate and coalesce to form extended phase mixtures before 2 or 8 h, 120D annealing were

amorphous region§l1,3§. Silicon amorphization dur-

reported for 500-520C implantations. These buried

ing ion implantation was also modelled as a thermal layers became single-crystalline when higher tempera-
phenomenon where amorphizing single-recoil events andture annealing(1405 °C) were used while single-crys-

collision cascades were taken into acco[6#,65. The
early N* implantation gives rise to an amorphous
surface layer in which €

is subsequently implanted.

talline Si over-layers were described in all cases.
Amorphous buried layers and affected Si over-layers
were usual[48,50,54,72 before annealing. For higher

Furthermore, a critical concentration of C to amorphize temperatures of implantatio600—1100°C), a-Si;N,

the Si substrate was defined ag10 66,67 while

polycrystalline inclusions are developed directly at tem-

in our experiments the dose was chosen to obtain aperatures as high as 700 or 900 and 1000s defined

concentration of implanted ions of approximately
5x 10?2 cm 2, similar to the bulk Si density. Layers

as the limit in which N is not retained by the Si network
and migrates to the surface. Single-crystalline top Si

containing incorporated carbon in a metastable solubility layers are always showed in excess of 600 Related

limit of approximately 18° cm? can be produced from

to annealing, 1100—120C is the transition temperature

interstitial carbon in appropriate conditions with doses for the well-oriented emplacement af-SizN, with

lower than 16° —1®& at.cn? . This is the critical

respect to the matrix, although generally abrupt Si and

amorphization dose for implantation energies in the Si;N, interfaces are describéd3]. Almost all the results

range of that used in our ca$68,69, while we used
larger doses, in the 10 -1 at.ch
of these concentrations, besides the N

reported for implantation doses carried out within the

range. The userange used for us coincide with the use of medium and
implantation, high energies for carbon ions HT implantations. At high

explains the remaining of amorphous zones upon annealsubstrate temperature during implantation, in situ redis-
ing, and we think that higher temperatures or larger tribution of the implanted C occurred enabling the direct
times of annealing are required to complete the recrys- synthesis(without annealiny of a buried layer of well-

tallization of the Si overlayers A and B . Complete

aligned smallB-SiC precipitates placed inside a single-

recrystallized top layers have not been found at RT and crystalline Si matrix at 500C [9,11], 860°C [10], 880

low energy implantation plus annealing conditions for
C* or N* implantations. At medium energies, for
instance, RT 100 keV andX10' cnm2 C', 1000°C

or 950 °C [2,13 and other intermediate temperatures.
These buried layers are overlain by single-crystal Si
whose quality is best for the highest temperature used

annealing were enough to completely recrystallize a top and have extremely rough interface. HT implantation in

layer consisting of a mixture of non-affected Si and
amorphous Si—(70]. At 150 keV a thin C-rich surface
film attributed b a C migration towards the surface was
formed before annealinfll]. In RT Si implantations at
high energies(MeV), over-layers are normally single-

the range of 400—608C and subsequent annealing was
also used with similar results or sometimes showing an
amorphous componerfi65]. To our knowledge, only
two works showed 30-60 keV high-doses carbon
implantation at substrate temperatures below {59
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or up to 450°C [74], and the conversion of amorphous Although D, is in a more advanced stay of recrystalli-
SiC phase int@-SiC was also shown during the process zation than ¢ , the complete change to single-crystalline
of implantation. These results could help us to under- Si was not possible after applying the annealing. These
stand the results found in the characterized samples Cnhon-amorphized cubic Si regions are not completely
and D. The creation of structural defects by subsurfacestrain relaxed[53,69. A higher annealing temperature
accumulation of implanted ions is sometimes shown like or more annealing time should be enough to complete
centres of nucleation and growing of carbide or nitride the recrystallization as previously it was demonstrated
phased73]. in similar cases. HT implantation mode leads to the
A topotactic transition is a solid-state transformation formation of a better non-defectuous top single-crystal-
imposed by the Si network where the product is struc- line Si layer. The above-mentioned facts and thoughts
turally and orientationally related to the starting material lead to the following possible explanation. During the
[75]. This is the accepted model that explains that cubic implantation some of the Si remains unaffected as one
SiC well aligned with respect to the matrix is the can see in layer C , the rest of the amorphized compo-
equilibrium structure of high-doses implanted samples nent contains N and C in excess that migrate to the
after annealing or after HT implantations. Well orienta- amorphous buried layer or that react to form new phase
tion of SiC and probably € N and $iN crystallites inclusions during the advance of subsequent annealing.
phases included into a single-crystalline Si matrix make Thus the Si precursor will always lead to aligned clusters
us think in a topotaxial disposition of the three elements in the over-layer and will create a single-crystalline layer
in layer D;. So we assume that carbon and nitrogen that will not be free of complete strain relaxation because
were partially dissolved occupying substitutional sites the effect of its foundatiorfburied laye). The possible
in the Si lattice in the early stagéayer G) and during existence of the well-aligned Si;N and;C,N inclusions
annealing. Later on, it occurred a C and N migration in sample(D) supports the present hypothesis.
towards the B/D; interface region that explains the Two additional effects induced by annealing are the
difference of thickness betweenyC and D . Finally, Si, thickness reduction of zones affected by implantation
C and N combinations took place forming oriented and the generation of damage and occasional but large
compounds inside the network with the related volume defects. Concerning changes of implanted layer thick-
changes. For example, a 48% local volume contractionness, the comparison between samples B, C and D
is expected if a Si unit cell is replaced byBaSiC unit demonstrates that there is a decrease in the zone affected
cell in only C implantation but really there are four Si after annealing and this contraction is more evident
interstitial atoms(Si;)) emitted in thep-SiC formation when HT implantation is used. Thus, in the non-
process. These Si react with new carbon atoms thatannealed sampl€C) the thickness of the zone affected
would originate two SiC unit cells per Si unit cell and by implantation is 212 nm, which is larger than in the
a 3.25% of volume expansiof38]. The presence of N  other annealed samples. However, the HT pre-implanted
complicates these assumptions and Si—C, C—N and Si—-sample(D) has an affected total zone thinngi37 nm
N clusters play their roles in our experiments. Further- than the RT implanted samp(&98 nm). Detailed focus
more, incipient pseudo-aligned stays of these elementson sample sublayers demonstrates that the single-crys-
were likely to be present in the amorphous layer D talline deepest layefthe darkest in on-axis images
after annealing but not before annealing in layer C . suffers the largest change of thickness with annealing.
This result contrasts with a publicatidé5] where the Comparing samples C and D, where annealing is the
existence of aligned precipitates in depth zones sur-only difference, thickness from .C to ;D tends to
rounded by amorphous material is claimed to be due todecrease while from £ to p and from,C to.D
precipitate formation prior to the onset of amorphization thickness remains almost constant. Similar variations of
in Si implantation at 400—60€C. After samples C and thickness with annealing were previously shown in N
D comparison, it seems that in our samples undoubtedlyion implantation [5,76,77 and C ion implantation
amorphization was generated before other phase forma{4,65,78. The implanted atoms redistribute and deplete
tions, that meansgor allows to deduckthe precipitates  preferably to the amorphous N-rich or C-rich layer from
formation into the amorphous layer is a result of anneal- the top layer or from the inner layer creating a box-like
ing in sample D. In this way, authors who had direct depth distribution during the heat treatment. Related to
synthesis of polycrystalline or well-aligned;Si,N or SIC the defects that appeared, stacking faults, microtwins
precipitates at moderate HT of implantation always used and dislocations are common defects morphologies that
higher energies than those used for us and we think thatarise during HT, C or N implantation and also after
the formation of precipitates was enhanced by the higherannealing[13,48,49,52,53,89In most cases, when both
in situ annealing effects that IBIC promoted in their small and large defects are present simultaneously in a
structures compared to ours. structure, heat treatments usually help further growth of
Layers G and R are similar in composition showing large defects and reduce the amount of the small ones
single-crystalline Si inside an amorphized matrix. [79]. That occurred in sample D where dispersed but
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large dislocation loops appeared, like the reported in
other N[80Q] or C [17] implantations. These loops seem
to have electric properties and can act to store interstitial
for prolonged periods of anneal creating supersaturation
and TED.

5. Conclusion

A deep TEM structural study of N and*C implan-
tation in Si substrates at 30 keV is presented. An
enhancement in the crystalline quality of buried and top
layers created by C+N™* implantation is demonstrated
by means of subsequent annealing, HT implantation, or
better, by applying the simultaneous combination of
both processes.

A buried layer of well-oriented crystalline inclusions
of SiC and probably € N and $i N into a well-oriented
Si matrix was synthesized by heavy dose €N*
implantation into silicon at a temperature of 60D and
subsequent annealing at 1200 for 2 h. The implanted
Si at 600°C both with further and without subsequent
annealing at 1200C for 2 h has a thi~25 nm) well-
oriented Si over-layer with an amorphous component.

These are promising results for the use of ion implan-
tation to obtain stoichiometric oriented crystalline thin
layers.
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