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Carbon-tin defects in silicon
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Infrared absorption experiments aal initio computer simulations are used to study tin-carbon centers in
silicon. Electron irradiation of C and Sn doped Si leads to prominent absorption lines at 873.5 and 1625 cm
These are assigned to a carbon interstitial trapped by a substitutional Sn atom. The calculated modes are in
good agreement with those observed. The calculations also suggest that a close-by pair of substitutional C and
Sn will be a stable but electrically inert defect. This defect may account for the experimentally observed drop
in the concentration of the &C; defect after a room temperature annealing. Finally, we suggest Sn-C codoping
of Si for manufacturing of radiation hard silicon.
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[. INTRODUCTION study of electron irradiated silicon doped with both carbon
In crystalline silicon carbon is a common and importantand tin. We identify a new defect arising from the trapping of
impurity! Predominantly, carbon atoms occupy substitu-interstitial carbon by substitutional tin,;Gn;. The local
tional sites in the regular silicon lattice while interstitial car- modes of the defect are in good agreement with those found
bon G is formed when mobile silicon interstitials, produced by theoretical modeling. Furthermore, the theoretical studies
by electron irradiation, are trapped by substitutional carborP0int to a substitutional carbon—tin pair as being a stable and
C,.2% At room temperature, Omigrates through the lattice electrically inert defect which may be one of the annealing
and becomes trapped ag Gvhereby a dicarbon centeg€; ~ Products of GSn,. _ _
is formed*~® Once created, @C; may trap vacancies pro- ]n Secs. Il and Ill, deta!ls of the (_axpenmental and theo—.
duced by further electron irradiation and transforms into anf€tical methods used are given. Section IV reports the experi-
other dicarbon center consisting of two carbon atoms occuMental results found using infrared absorption measure-
pying adjacent substitutional lattice sites-Cy.”® Carbon ments. Sect_lon Vdesc_rlbes_ the theoretical results, and finally,
also forms many centers with other interstitial impurities,OUr conclusions are given in Sec. VI.
The most studied ones involve oxygen, phosphorus, arsenic,
antimony, and hydrogeri.* _ _ Il. EXPERIMENTAL SETUP
Tin being a group IV element is electrically neutral as a
substitutional impurity in the diamond lattice. It's size sug- The sample used in this study Si:C:Sn was float-zone
gests that it would be a trap for small atoms or vacancies ang-type silicon doped predominantly with carbon and tin en-
it has been suggested to be one of the most efficient vacancighed to 85% '*°Sn. The sample had the dimensions 10
traps in silicon*>14 X 10X 3 mn? and it was mechanically polished on the two
The first identified tin-related center in silicon was the opposite 1610 mn? surfaces to ensure maximum trans-
tin-vacancy center, SnV found in electron irradiated tin-mission of infrared light. The concentrations of carbon and
doped Sit>!® This defect has recently been investigated byoxygen were estimated from the intensiti@s 10 K) of the
combined deep level transient spectroscopy abdinitio  local vibrational mode of substitutional carbon at 607 ¢m
modeling'’” Remarkably, it was found that the defect pos-and of interstitial oxygen at 1136 ci (see Ref. 2D The
sesses five charge states ranging from a double don@oncentration of tin was determined from secondary ions
to a double acceptor. Very recent EPR studies of electromass spectroscopy. The crystal contained 14’ cm3
irradiated tin-doped silicon have revealed the formation?C, 1x 10 cm 3 %0, and 1x 10" cm™2 Sn. The resis-
of a tin-divacancy center SnV-V. Moreover, diffusion of tivity of the crystal was 0.15Q) cm, corresponding to phos-
SnV-V at temperatures above 500 K leads to formation of ghorus concentration of 810 cm3.
di-tin-divacancy center SnV-VSn, through the reaction The sample was irradiated with 2 MeV electrons supplied
(SNV—V)+Sn—(SnV—-VSn).18:19 by a 5 MeV Escher Holland van de Graaff accelerator. The
In this work we report results of an infrared absorptionelectrons were mass analyzed by a magnet which deflected
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the beam i@ a 6 mlong beamline, forming an angle of up to ten atoms closest to the core of the defédthe error
~ 15° with the exit beam from the accelerator. During thein the local modes found in this way is around 10%.
irradiation, the sample was mounted inside a vacuum cham- The electronic levels are estimated using the ionization
ber on a copper block, which was in good thermal contacenergies and electron affinities of hydrogen terminated clus-
with the cold finger of a closed-cycle helium cryocooler. Theters. The calculated ionization energy of the defect in ques-
irradiation temperature was around 200 K. The irradiationtion is compared with the calculated ionization energy of a
dose was % 10'" cm 2, and the current density was kept standard defect. The absolute position of the level is then
below 2x 10" cm 2 s ! to ensure that the temperature on obtained from the experimental level of the standard defect
the block did not exceed the specified value. The backgrounand the difference in the ionization energies of the defect and
pressure in the vacuum chamber was below*1Torr. the standard as described previodsi¥he error in the elec-

After the irradiation, the sample was stored in liquid ni- trical levels is around 0.2 eV. The standard defect used in this
trogen before it was mounted in a closed-cycle helium crystudy is the carbon interstitial; C The experimental donor
ostat designed for optical measurements. During the moun&nd acceptor levels of this defect dfe+0.28 eV andE,
ing process, the sample was allowed to warm up to room-0.1 eV, respectively.The possible existence of second do-
temperature for as short a time as possil#des than 10 min ~ nor and acceptor levels for the carbon defects was investi-
This procedure was employed to reduce the diffusion of in-gated using Pt and AuH as markéfs?®
terstitial carbon created by the irradiation. The supercell contains about 64 Si atoms andxa2X 2

The infrared absorbance spectra were recorded with Monkhorst-Pack mesh is used to sample the first
Nicolet, System 800, Fourier-transform spectrometer. Therillouin-zone?® The clusters in the electronic level calcula-
measurements were carried out with a Ge-on-KBr beantions contain~300 atom, including the surface terminating
splitter, a globar or a tungsten lamp as a light source, and hydrogen atoms. All the calculations are performed at 0 K.
mercury cadmium tellurideMCT) detector. The spectra
were recorded at 10 K with an apodizied resolution of 1
cm t. IV. EXPERIMENTAL RESULTS

Figure 1 shows the absorbance spectra-tfpe Si:C:Sn
irradiated with 2 MeV electrons, as described in Sec. Il, just

The structures, electronic activity and reaction energies oéfter irradiation(top spectraand after a room temperature
carbon-tin centers in Si have been investigated theoreticallgnnealing for 10 and 100 min. All the spectra have been
using density functional theory within the local density ap-referenced to Si with low carbon, tin, and phosphorus con-
proximation as implemented in themPro code?! Previ-  tent. Intense lines at 922 and 932 ¢ seen in Fig. (a),
ously, the method has been used to investigatg-\Gn represent local modes of; Cwhich is formed during the
defectst’?2 The core electrons are described by Bacheletelectron irradiation when mobile silicon self-interstitials are
Hamann-Schiter pseudopotentiafS. The valence electrons trapped by G C also possesses an electronic transition at
included in the calculations ares2nd 2o for carbon, $and 6903 cm 1, seen in Fig. (b), which corresponds to an ex-
3p for silicon, and 5 and 5 for tin. Their wave functions cited state where an electron is weakly bound@e-Sry) *.
are expressed using atom and bond centered Gaussian orbiiie reverse process, i.e., the recombination leading to
als. The total energies of various defect geometries are eval(C;-Sn)°, gives rise to the 856-meV line observed in
ated in supercells along with the vibrational frequencies ofphotoluminescenc®. C; becomes mobile at room tempera-
the defects. These have been obtained using the harmortigre and is readily trapped by other centers. This leads to the
approximation from the energy second derivatives betweedecrease of the;Bignals as a function of the annealing time

Ill. THEORETICAL METHOD
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FIG. 3. Ground state configuration of the-8n center. The tin
atom is at the next nearest neighbor position from both atoms of the
C.. Bond lengths are ifA ].

excluded by the following arguments. The concentration of
C; is estimated to be % 10'® cm™2 from the intensities of
B its local vibrational modeb.This is about 80 % of the con-
C, cm centration of P but only 10 and 4 % of the concentrations of
C and Sn, respectively. Thi; is most likely to be trapped
56y Sn. Furthermore, EPR studies of the-€ center find it to
be stable at room temperatu¥ewhereas the center respon-
sible for the 873.5, 1025, and 6875 chlines anneals out at
o . room temperature within a few days.
and, as seen in Fig. 1, after 100 min of room temperature another tin-related center known to be present in the as-
annealing Ccan no longer be detected. . iradiated sample is SnV. However, at most about 4% of the
Residual carbon is usually the main trap for mobilélC  sp can be tied up in this defect as the vacancy concentration
float zone silicon. The capture of By G leads to formation  cannot exceed that of,C Thus the dominant defect in the
sample, we could not detect the parallel growth of theG3C The final concentration of @C; after room temperature
signals,® during the annealing of C Instead, new lines at annealing, as determined by the intensities of the local
873.5, 1025, and 6875 cm grow in the spectra, as seen in modes of the center, is approximately half of that ofrCthe
Figs. 1a@),1(b). The 873.5- and 1025-cn lines are located  as-jrradiated sample. This implies that a considerable part of
in a region characteristic of the local vibrational modes ofCi is trapped by other centers. The lack of any additional
Ci, whereas the position of the 6875-ciline suggests an  high frequency vibrational modes would rule out another in-
electronic transition, which is also very close to the elec+erstitial carbon species. Therefore, it is possible that a sub-
tronic transition of ¢ at 6903 cm*. Figure 2 shows the stitutional dimer pair GSn, having modes masked by those

integrated intensities of the three new lines plotted againsgf C, is formed. Such a center could be formed directly by
the integrated intensities of the local modes ¢f @ is 0b-  the reaction of Cwith Sn-V.

vious from the figure that the lines at 873.5, 1025, and 6875
cm ! have the same relative intensities and are anticorre-
lated with the € signal. This strongly indicates that they
belong to the same center. This center is not stable and, after We find the lowest energy of the tin interstitial—carbon
storing the sample at room temperature for several days, théefect to be one where the Sn atom lies at the second nearest
new lines can no longer be detected. Only at this stage localeighbor position from the interstitial carbon atom. We de-
modes of G-C; appear in the spectra. Based on this, as welhote this defect by (€Sn)?N (Fig. 3) and define its energy
as on the closeness of the new modes with those, pfin@  to be zero. Switching the carbon atom with the undercoordi-
suggest that the center responsible for the 873.5-, 1025-, amdted Si atom in Fig. 3 and relaxing, leads to a less stable
6875-cm ! lines represents a carbon interstitial perturbed bycenter with an energy of 0.25 eV. Placing Sn at a neighboring
another center. This suggestion is also supported by the asite to G gives to two configurations (€Sn)*N which have
nealing kinetics of €. Measurements conducted on electronenergies between 0.5-0.8 eV higher, while the energy of a
irradiatedn-type silicon doped only with carbon in the same Sn atom at a third neighbor position tq 8 0.3 eV higher
concentration as in our Si:C:Sn sample showed that in preghan (G-Sn)2". Thus the most stable defect is one where the
ence of tin, ¢ anneals out 3.5 times faster. Sn atom perturbs the carbon interstitial.

We believe that of all possible candidates, the center is The symmetry of the stable defect;(8n)2N is Cy}, with
most likely a G defect that has been trapped by Sn. Sn is théoth Sn and Clying in the sameg110 plane. This second
most abundant impurity in the sample with a concentratiomearest configuration is favored because the carbon atom
of 1x10*® cm3. Another possibility, phosphorus can be pulls in its two neighbors lying in the mirror plane, slightly

FIG. 2. Integrated absorbance of the 873.5-, 1025-, and 687
cm™ ! lines as a function of the integrated €ignal measured on the
922- and 932-cm* lines.

V. THEORETICAL RESULTS
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dilating the Si-Si bond in this plane. These are then prefer-
ential sites for the Sn atom. The Sn-Si bond has length 2.6 A,
slightly longer than 2.5 A found for the corresponding Si-Si
bond in G. This compressive strain compensates the tensile
strain surrounding the carbon atom. The bond lengths;of C
are, however, virtually unchanged by the presence of Sn.
The calculated frequencies of the local vibrational modes
of (C;-Sny) 2N lie at 905 cm ! and 1036 cm* and are within
40 cm'! of the measured values at 873.5 ¢thmand 1025
cm L. The carbon atom in the 873.5 crhmode(symmetry
A’") moves in the(110) mirror plane, while it moves out of

this plane in the 1036 cnt mode(sym_m(_atryA”). The cal- FIG. 4. The lowest energy structure for the-8n center in
culated modes drop to 878 and 1003 chin the case of the  yhich a tin atom is located next to carbon. Both atoms are near the

1%C isotope. substitutional sites. Bond lengths are[# ].
The isolated Cdefect introduces two Kohn-Sham levels

mtq the band gap. The lower is filled and arises from phe tutional G-Sn, pair. The lowest energy configuration of
orbital on carbon and leads to the donor activity of the CeNt_sn is where substitutional carbon and tin sit next at

ter. The upper level is empty and is localized aroundghe  aighboring sitegsee Fig. 4 The second and third nearest
orbital on the undercoordinated Si atom neighboring carbonseighhor locations are-0.2 eV higher in energy than the
This leads to the acceptor levelBg—0.1 eV. The presence nearest neighbor one. The-Sn, defect is electrically inac-

of Sn at the second nearest neighbor position modifies onlive. If vacancies are released from other defects, they would
slightly the donor level arising from;C This follows as the e trapped by ESn, forming inert substitutional pairs. This
energy of thep orbital on carbon lying normal to the mirror defect may be one of the products of the anneal 686,
plane is virtually unchanged as its overlap with the Sn atomhowever, its low binding energy implies that the defect will
is negligible. The calculations demonstrate that the donope thermodynamicallyinstable just above room temperature.
level of (G-Sn)*" is the same as that of, CThus the donor Metastable forms of G- SnV defects also exist. Figure 5
level is placed aE,+0.28 eV. shows the complex €SnV where SnV ha€; as a neighbor.

The electronic absorption at 6875 thin C; is probably  This defect is less stable thag-Sn, by 5.4 eV. The atoms in
due to the transition of an electron from the donor level to ahis complex are also fourfold coordinated, and it is electri-
level near the conduction band edge. In the final state, theally inactive. The defect possesses vibrational modes at 572
electron is weakly bound to (€Sny)*. This is because its and 729 cm?, and as these are far away from 873.5 and
transition is very close to the donor bound exciton ina€ 1025 cni?, we can exclude it being the defect observed in
6903 cm *. the irradiated material. The low frequency carbon vibrational

Nevertheless, the dipole transition from the donor level tomodes arise from the very long C-Si bonds2 A present in
the unoccupied silicorp orbital is actually symmetry al- the complex(see Fig. 5.
lowed for (G-Sny)* with C;, symmetry but not for the C It has been suggested previously that carbon and tin
defect whose symmetry i€,,. Presumably, the transition doped Si would be a radiation hard mateffalWe suppose
matrix element for this internal transition is small as it hasthat interstitial and vacancies generated by radiation are pref-
not been detected. Nevertheless, the unoccupiedital of  erentially trapped by carbon and tin centers, respectively,
the undercoordinated Si atom is much more affected through
the presence of Sn. It now overlaps the Sn atom and is sen-
sitive to the movement of the C and Si atoms caused by Sn.
This results in the {/0) level dropping fronE.—0.10 eV in
C; to E.—0.35 eV in (G-Sn)?N. There are no second donor
or acceptor levels.

We now discuss reaction energies for the carbon-tin de-
fects. The reaction G Sn— (C;-Sn)?N is exothermic with
a binding energy between; @nd Sn of 0.35 eV. Its small
value implies that the defect easily dissociates just above
room temperature — as is indeed observed. Consider for
example thermal equilibrium between the constituents of the
above reaction. If [C]=4x10® cm 3, [Sn=1
X 10*® cm™3, then the fraction of Cbound to Sn drops from
94% around 300 K to 34% at 400 K.

However, other reactions can be considered. A pre- F|G. 5. Metastable ESnV center. All the atoms are fourfold
existing vacancy can be trapped by the defect formingtoordinated. The center is metastable with respect to the substitu-
Cs-Sns. The binding energy between neutral V and , neutrakional dimer G-Sn,. A vacancy has been created by removing the
(G;-Sn)?N is 5.6 eV. The product of the reaction is a substi-undercoordinated Si atom in-Gn. Bond lengths are ifA ].
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forming mobile G and immobile SnV defects at room tem- cm™! with the 6903 cm® absorption due to C The accep-
perature. Then a subsequent recombination reaction; is @or level of G-Sny is calculated to lie aE.—0.35 eV and is
+SnV — C¢-Sny leading to the production of electrically in- shifted from theE.—0.1 eV acceptor level of C The sub-
active defects. Now, although the binding energy gfith  stitutional pair G-Sny defect is bound by 0.2 eV. It may
Sn is very small, the diffusion energies of these atoms araccount for experimentally observed drop in the concentra-
very large. Thus once created, thg-&h pair will remain  tion of the G-C; defect after the room temperature annealing

frozen in the lattice. and, once formed, is likely to dissociate only at high tem-
peratures.
VI. CONCLUSIONS Finally we believe that the reaction pathway+GSny

o . _ —(C-Sn)?N followed by the reaction (€Sn)?N+V
Electron irradiatech-type silicon doped with carbon and —.C-Sn, with overall energy gain of the order of 6 eV

tin has been studied by infrared absorption spectroscopyggests that Sn and C codoped silicon might be appropriate
Three new lines at 873.5, 1025, and 6875 cnare identi-  material for radiation hard devices operating near room

f@ed to'aris_e from a metastable cenf[er'in Whiph a SUbStitUtemperature.
tional tin sits at a next nearest substitutional site from a car-

bon interstitial. The closeness of the two local vibrational

modes found in the Sn doped material tp @ithin 100

cm 1) and the calculated low binding energy ofwith Sn

(0.35 e\} — consistent with the low thermal stability of the ~ We thank J. R. Byberg, University of Arhus, for numerous
defect — support this identification. Additionally, theoretical and fruitful discussions. This work was supported by the
modeling studies demonstrate that the defect is composed &fanish National Research Foundation through the Aarhus
a carbon interstitial trapped by the substitutional tin centerCenter for Atomic Physics. E.V.L. also acknowledges Alex-
The calculated modes at 905 and 1036 ¢nare within 40  ander von Humboldt Foundation for financial support and
cm ! of the observed modes. The donor levelEat-0.28 a grant from the Russian Foundation for Basic Re-
eV is almost the same as for the carbon interstitial and acsearch(Grant No. 99-02-16652 R.J. and M.K. thank the
counts for the closeness of the electronic absorption at 687ENDEASD network for support.
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