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Deuterium is accumulated by defects in nitrogen-implanted silicon (Si:N). This effect is
investigated for Si:N processed at HT < 1400 K, also under enhanced hydrostatic pres-
sure, HP < 1.1 GPa. Si:N was prepared from Czochralski grown silicon by N 2+ implan-
tation at E = 140 keV with nitrogen doses, Dy = 1-1.8'1 0" cm . Si:N was subsequently
processed in RF deuterium plasma to prepare Si:N,D. Si:N and Si:N,D were investigated
by Transmission Electron Microscopy (TEM), X-ray and Secondary lon Mass Spec-

trometry (SIMS) methods, also after additional annealing at 723 K. In heavily implanted
Si:N (Dy = 1.81 0’ cmﬁz), plasma treatment leads to deuterium pile up to cp; = 21 0 em™

at a depth, d = 50 nm, while, at d = 80-250 nm, deuterium concentration is practically
constant with cp, = 1-1 0°! em™. This suggests dominating accumulation of deuterium
within the bubble-containing areas. Determination of deuterium depth profiles in Si:N,D
can reveal implantation- and processing-induced defects.

Keywords: Cz-Si, implantation, nitrogen, high temperature, high pressure, deuterium
plasma, defect, gettering

Introduction

Silicon-on-insulator structures (SOI) prepared from nitrogen-implanted single
crystalline silicon (Si:N) present usually the dislocated SiN,/Si interface and may
contain nitrogen-filled bubbles formed within the buried SiN, layer [1].

Enhanced temperature (HT) and hydrostatic pressure (HP) applied at process-
ing of Si:N affect its microstructure and can improve quality of the SiN,/Si inter-
faces [2].
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As it has been stated earlier for self-implanted silicon, the buried defect region, cre-
ated by implantation, can getter hydrogen in-diffused from hydrogen plasma [3]. This
effect is now investigated for the Si:N samples, preliminary processed at HT-HP. Bas-
ing on our earlier results, the treatment in deuterium (hydrogen isotope) plasma has
been considered as a tool helpful in revealing the defects in such structures.

Experimental
Details concerning preparation of the Si:N structures are presented in Table.
Table
Investigated Si:N samples, prepared by N2+ implantation at < 350 K into (001)

oriented Czochralski grown silicon (Cz-Si) with interstitial oxygen concentration,
17 -3
Cp=910 cm

Dose D (calculated for atomic

+ .
Sample | Energy E, keV nitrogen), 1 0!8 o2 N; projected range R, nm
A 140 1.0 180
B 140 1.8 180

After ion implantation the Si:N samples were processed for 5 h at HT up to
1400 K under hydrostatic Ar pressure HP < 1.1 GPa.

Structure of the HT-HP processed Si:N samples was determined by TEM and
X-ray methods.

To introduce deuterium, the as-implanted and processed Si:N samples were
subsequently treated for 2 h at 530 K in RF deuterium plasma in Plasma Enhanced
Chemical Vapour Deposition (PECVD) reactor [3]. In what follows, the plasma-
treated Si:N samples are labelled as Si:N,D.

SIMS was used to determine the nitrogen, deuterium and oxygen depth profiles
in Si:N,D. The mentioned depth distributions were also determined after anneal-
ing the Si:N,D samples for 1 h at 723 K under 10° Pa.

Results and discussion

Upon annealing the amorphous (aSi) defect layers produced by implantation of
Nz+ at D> 110" cm ™ are subjected to Solid Phase Epitaxial Re-growth (SPER).
Layers or/and precipitates composed of stoichiometric (Si3Ng4) or substoichi-
ometric (SiNy) nitride were formed within the buried damaged areas (Fig. 1).

Annealing under 10° Pa as well as the HT-HP treatment of Si:N at up to 1400 K
do not result in complete SPER, so processed Si:N is composed of the areas with
different microstructure. As confirmed also by X-ray measurements, nitrogen-filled
bubbles are present near R, after processing ([4], Fig. 1). The plasma treatment
leads, first of all, to accumulation of deuterium near the sample surface. In the case
of as-implanted BSi:N samples, the near-surface deuterium peak has been detected
at a depth, d = 50 nm with cp; = 2-10°! cm_3, while, at d = 80-250 nm the deute-
rium content remains almost constant, with cpy = 1-10*' em (compare [2]).
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Fig. 1. Cross-sectional TEM image of
ASi:N processed at 1400 K under 1.1 GPa.
Si:N consists of sub-layers of different
microstructure. Very top layer is amor-
phous with mosaic-like polycrystallites
just below it. Big pores (bubbles) are ob-
served near R,. aSi layers containing Si
nanocrystallites are visible on both sides

Processing of ASi:N at 1070 K results in the formation of N-enriched zone
near R,,. Interstitial oxygen atoms always present in Cz-Si are also gettered at this
defect-containing area. As follows from the oxygen depth profile (Fig. 2), sub-
stantial part of oxygen in-diffused from the sample surface covered by thin SiO,
film is produced at the plasma treatment. The strongest deuterium accumulation is
observed just within this near-surface area, at about 20 nm depth. Just this area
contains numerous defects introduced by plasma etching itself.

Processing of ASi:N at 1270 K resulted in the formation of N-enriched plateau
at d = 100-300 nm, containing about 20 at.% of nitrogen. This suggests almost
uniform distribution of implanted nitrogen, in the form of sub-stoichiometric
Si3N,. Deuterium introduced by the plasma treatment is accumulated mainly at
the bottom Si3N,/Si boundary thus suggesting strong affinity of deuterium just to
defects created at this place (Fig. 3).
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Fig. 2. SIMS depth profiles of nitrogen, oxygen and deuterium in ASi:N,D, prepared
from ASi:N (Dy = 10'® cm_z) processed for 5 h at 1070 K under 1.1 GPa

Fig. 3. SIMS depth profiles of nitrogen and deuterium in ASi:N,D, prepared from ASi:N
processed for 5 h at 1270 K under 1.1 GPa
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Deuterium accumulation in BSi:N,D is more pronounced than that in ASi:N,D.

The deuterium profiles in the near-surface area of BSi:N,D prepared from
BSi:N processed at 1270 K are similar to these in BSi:N,D prepared from the as-
implanted BSi:N sample but cp; decreased to 4-10% and 3-10°° cm > after proc-
essing under 10° Pa and 1.1 GPa, respectively [2].

The BSi:N,D samples prepared from BSi:N processed at 1400 K indicate a
lowered D accumulation. Deuterium concentration exhibits minimum near R, and
the maximum at a d = 250 nm (compare Fig. 4).

A lot of deuterium is still retained, especially in the BSi:N,D samples, after
their subsequent annealing at 723 K under 10° Pa (Fig. 4).

And so the BSi:N,D sample, prepared from as-implanted BSi:N, and annealed
at 723 K, still indicates ¢pj = 6:10°" cm ™~ at d = 50 nm, while, at d = 150 nm, cp)
equals to about 710 em™ (Fig. 4).

Accumulated deuterium is strongly bonded to defects also in the BSi:N,D
samples prepared from Si:N processed at higher temperatures and finally annealed
at 723 K (Fig. 5).
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Fig. 4. SIMS depth profiles of nitrogen, oxygen and deuterium in BSi:N,D, prepared from
as-implanted BSi:N (Dy = 1.8-10" cmﬁz) and finally annealed at 723 K

Fig. 5. SIMS depth profiles of nitrogen, oxygen and deuterium in BSi:N,D, prepared from
BSi:N processed for 5 h at 1270 K under 10° Pa and finally annealed at 723 K

Also the BSi:N,D sample prepared from BSi:N processed for 5 h at 1400 K
under 10 Pa, indicated, after annealing at 723 K, high deuterium concentration at
the very sample surface (cp = 2:10* cmﬁ3). At d = 100-200 nm this concentration
is equal to about 310% cm .

As seen in TEM patterns, the very top layer of Si:N is composed of the
polycrystalline-like material (compare Fig. 1). In effect of its presence, one can
observe sometimes a specific artefact: massive in-diffusion of deuterium as well
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as in-diffusion and re-distribution of
other admixing atoms, especially in the
case of BSi:N prepared by heavy
nitrogen implantation (Fig. 6).

In the case of Si:N structures pre-
pared by ion implantation, the forma-
tion of aSi area takes place near R,.
Most of implanted nitrogen atoms are
contained within this area. Upon an-
nealing, nitrogen-containing aSi is
subjected to SPER.

. 3
Concentration, at/cm

10'4+———mm———————ago : The processed Si:N samples indicate
0 02 04 06 08 10 the presence of buried SiN, layer con-
Depth, um taining numerous nitrogen-filled bubbles.

Fig. 6. SIMS depth profiles of nitrogen, The deuterium plasma treatment of Si:N

oxygen and deuterium in BSi:N,D, prepared ~ With different microstructure induced by

from BSi:N processed for 5 hat 1270 K under ~ specific HT-HP processing, results in

1.1 GPa and finally annealed at 723 K hydrogen accumulation at the surface and
within the buried defect layers.

Deuterium concentration is the highest at the near-surface areas of the Si:N,D
samples, especially in the ones prepared from as-implanted or relatively low-
temperature-processed Si:N. This means that plasma deuterization itself intro-
duces a lot of defects within the near-surface sample areas. In spite of relatively
low temperature (7 = 530 K) and short time of plasma treatment (2 h), a remark-
able in-diffusion and subsequent gettering of deuterium within the deeper placed
damaged layers has been observed.

In the case of BSi:N,D, prepared by heavy nitrogen implantation, the deuterium
concentration profiles correspond roughly to these of nitrogen, suggesting a spe-
cial role of Nj-filled bubbles (Fig. 1) in deuterium accumulation. A release of
about 50% of deuterium after annealing of Si:N,D (prepared from as-implanted
Si:N) at 723 K may suggest some D-N bonding.

Enhanced pressure applied during preparation of the Si:N samples affects
strongly their microstructure and thus in-diffusion and depth profiles of deuterium
after plasma treatment. The deuterium depth distribution depends crucially on the
implanted nitrogen dose (Figs 3 and 5).

Conclusions

New data concerning the formation of buried defect-containing layers in silicon
implanted with nitrogen and subjected to the post-implantation high temperature
(pressure) processing are reported. Such structures absorb deuterium from deute-
rium plasma; the deuterium accumulation and distribution within the samples are
dependent on the sample microstructure.

Specific character of SPER and of deuterium interaction with defects in as-implan-
ted and processed Si:N has been confirmed. Determination of the deuterium depth
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profiles in Si:N,D, also subjected to additional anneals, can contribute to revealing
the implantation-induced and other structural defects in the SOI-like and similar
structures prepared from Si:N.

This means that the deuterium plasma treatment with subsequent determination
of depth concentration profiles of deuterium may be helpful in evaluating the Si:N
sample microstructure, especially in view of potential applicability for SOI tech-
nology.
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OEOEKTU B Si:N, OBPOBJIEHOMY PN BUCOKNX TEMIMEPATYPAX
| TNCKAX, O BNABNAOTLCA BHACIIAOK TPABJIEHHA
B AEUTEPIEBIN MNA3MI

VY po6oTi po3riIsiHyTO €PEeKTH BIUIMBY 00poOKM TemrepatypHuM BinnanoM (o 1400 K) i
rigpocratuunuM THCKoM (10 1.1 GPa) Ha medexrnuit ckinan SOI-ctpykryp (silicon-on-
insulator) Ha ocHOBi 3pa3kiB Si:N — wMarepiany, IIMPOKO BUKOPHUCTOBYBAHOTO B
HAITIBIPOBITHUKOBUX TEXHOJIOTiSIX. ByJl0 OTpUMaHO HOBi JaHi, IO CBig4aTh MPO YTBO-
PEHHSI NPHUXOBaHUX Ne(PEKTOBMILIYIOUMX LIapiB B 3pa3kax KPEMHiIO, IMIUIAHTOBAHOTO
a30TOM, MiIJaHUX 0O0pOOIi BUCOKUMH TeMIIepaTypaMu Ta TUCKOM. Taki CTPYKTypH CTa-
IOTh IIEHTpaMu a0bCcopOIIii JeUTepito 3 TUIa3MU — HOTO HAKOITMYEHHS 1 PO3IOIIT yCepeaIuHi
3pa3ka 3ajiexarh BiJl MIKPOCTPYKTYpHU Matepiaidy. TakuM YMHOM, MTOKa3aHo, 10 00poOKa
B JICUTepi€eBil Mmia3mi 3 MOAAIBIINM BU3HAYEHHSIM KOHIECHTpaUiltHUX Mpo@iltiB Mo Tiu-
OmHi 3pa3ka MOke OyTH KOPHUCHOIO IIJIS OIIHKH MIKpOCTPYKTypH Si:N-3pa3zka, 0COOIUBO
3Ba)Kal04M Ha MOTEHI[IMHY 3aCTOCOBHICTH B SOI-TexHOI0TisX.

Kumrouosi cioBa: Cz—Si, iMIuianTairisi, a30T, BUCOKa TEMIEpaTypa, BUCOKHN THUCK, JCH-
TepieBa ma3ma, Ae(eKT, ra30moTrInHAHHS

A. Misiuk, A. Barcz, A. Ulyashin, M. Prujszczyk, J. Bak-Misiuk, P. Formanek

AJE®EKTbI B Si:N, OBPABOTAHHOM TP BbICOKUX
TEMMNEPATYPAX U OABITIEHUAX, NMPOABJTAIOWNECAH
B PE3YJIbTATE TPABJEHVA B EMTEPUEBOW MNNA3ME

B pabGore paccmorpensl 3ddexTsl BiusHUS 00pabOTKH TEMIIEPaTypPHBIM OTXKUTOM (10
1400 K) u rumpocrarnyeckum aasneHueMm (mo 1.1 GPa) Ha nedextHsiii coctaB SOI-
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cTpykTyp (silicon-on-insulator) Ha ocHOBe 00pasmoB Si:N — MaTepuana, IMHPOKO UCIIOb-
3yEMOr0 B MMOJTYIIPOBOJHUKOBBIX TEXHOJIOTUAX. bem IMOJIY4YCHbI HOBBIC JaHHBIC, CBUJIC-
TENLCTBYIOIIME 00 00pa3oBaHMU CKPBHITHIX Je(EKTOCOAEPKAIINX CIOeB B 00Opasnax
KPEMHUSI, UMILUTAHTUPOBAHHOTO a30TOM, U MOJBEPrHYTHIX 00paOOTKE BBHICOKUMH TEMIIC-
patypamu U JaBJIcHUSAMH. Takue CTPYKTYPbl CTAaHOBATCS LIECHTpaMu adcopOInu aeiTepus
U3 TIa3Mbl — €ro HaKOIUICHHWE M paclipefelieHHe BHYTpU oOpasla 3aBHCAT OT MHKPO-
CTPYKTYphI MaTepuana. TakuM 00pa3oMm, MOKa3aHo, 4To 00paboTKa B JEHTEPUEBON IIa3-
M€ ¢ MaJdbHEHIIMM OTpeAcieHneM KOHIICHTPAITMOHHBIX Tpodmiieii mo riryouHe obpasiia
MOXeET OBITh TOJIE3HOH Uil OLUEHKH MHUKPOCTPYKTYphl Si:N-00pa3ma, 0ocOOCHHO BBUIY
MOTEHIIUATLHOM MPUMEHUMOCTH B SOI-TEXHOJIOTHSAX.

KiroueBnbie cioBa: Cz—Si, UMIUIaHTaIUs, a30T, BEICOKAsK TEMITEpaTypa, BHICOKOE
JaBJICHHE, AeUTepueBas mia3ma, 1eeKT, ra30norionieHIe
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