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Interstitial oxygen in Si and Si,_,Ge,
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The equilibrium geometry, phonon spectra, and electronic structures of O interstitial defect in Si and
Si;_,Ge, are calculated usingb initio plane-wave density-functional method. The effect of O, Si, and Ge
isotopes on the phonon spectra is also investigated and found in good agreement with the available experi-
mental data. Our calculations also support experimental evidence that in a Ge doped Si crystal an oxygen atom
prefers to occupy a position between two Si atoms, rather than between Si and Ge atoms.
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. INTRODUCTION sorption peaks;? the magnitude of the isotopic shitfstand
the stress-induced dichroism measureménts.
Silicon and silicon-germanium (Si,Ge,) alloys have at- One of the most important characteristics of the defect is

tracted extensive interest for applications such as microeledts vibrational spectrum. Three fundamental low-temperature
tronic and optoelectronic devices with various unique prop1iVM'’s associated with the QOdefect and located at 1136,
erties. Point defects in Si or Si/Ge systems play an essentigl17, and 29 cm! were found®*? (in fact, the last two are
role in their properties which explains why investigation of resonances|n particular, the 1136 cmt band(the so-called
impurities in these semiconducting materials is still a major,, mode of the Si-O-Si moleculés attributed to the asym-
research area. Usually the presence of light impurities result§etric stretching in the linear Si-O-Si molecule, and the
in appearance of local vibrational modé¥/M's) which are 577 cny1 hand results from oscillations of the nearest two

well isolated from the frequency range of the host crystaI.Si atoms to the oxvaen. hds. svmmetrv. and experiences
The studies of LVM’s provide precious information about thealmost no dependgr?ce 'onat_sﬁje nygen yrﬁass Rgcently Hall-

symmetry of the defects. : : berg etal’® used the IR absorption method to study
Oxygen plays an extremely important role in the OlefECtO—-related vibrational bands and reported two new bands at
engineering of silicon. On the positive side, oxygen aggre-_' P o ne s4

gates are used to getter unwanted metals out of solid sole0 and 648 e While the first band is likely to be a hot
tion, but negative effects also occur, such as the formation oftPband of the 517 (_:an band, the second band was as-
the well-known “thermal donors ¥ signed to a combination of the far-infrared 29 chwvibra-
There have been many experimental and theoretical studion with a band around 600 cm which is not directly ob-
ies of the oxygen defect in Si, and its structure is rather welperved in the IR experimenidut is Raman active Pajot
understood. It is now widely accepted that the oxygen inter€t al studied the oxygen isotopic shifts and confirmed the
stitial occupies a bridge position between two nearest Sexistence of the IR inactive mode near 600 cnin which
atoms~® Total-energy calculatioris® predict that the bond- the O atom is weakly involved. In addition to that, the ob-
center position with theDzy symmetry is in fact a saddle served 1748 cm' band can be explained by assuming that it
point and it is slightly more energetically favorable for the corresponds to the combination of the 600 and 1136%tm
oxygen atom to break the symmetry by moving away frombands>* The existence of the 600 cm vibrational mode
the Si-Si bond(111) direction in the plane perpendicular to was also confirmed theoretically’ where it was found that
the bond and passing through its middle point. However, ithere is a symmetric stretching mode with the vibrational
was also found in the clusteab initio density-functional frequency in the same range.
calculation$~’ that the potential-energy surface for the oxy- The Q defect was also studied, both theoretically and
gen atom to move around the Si-Si bond as well as across éxperimentally, in germaniufh®**®It was found that the
is extremely flat with energy barriers of several meV whichGe-O-Ge model for the interstitial oxygen atom can explain
are much smaller than the actual precision of the calculamost of the experimental results. However, the barrier for the
tions. This means that effectively the O interstitialY@e- O atom to cross the Ge-Ge bond within the perpendicular
fect can be considered disear with D34 symmetry when plane was calculated to be much larger than in the case of the
the O atom occupies the middle position along the Si-Sioxygen in silicon(the potential-energy surface for the O ro-
bond; the motion of the O atom in the plane perpendicular tdation around the bond is still flaso that a puckere(bff-
the Si-Si bond is highly anharmonic. In fact, the motion of bridge model for the molecule is more appropriate in this
the O atom in the Si lattice can be viewed as a coupling of itcase. Consequently, because of a larger mass of the Ge atoms
vibration along the direction of the bond and its rotationin the Ge-O-Ge molecule as compared with the Si-O-Si one,
around it. These findings confirmed one of the first succesghe v; mode shifts to a much lower frequency 855.7 ¢m
ful theoretical models for the defédn which the combined Other frequencies are also similarly affected.
rotational-vibrational movement of the O atom was consid- There have been far fewer studies of the same defect in
ered. On the experimental side, the oxygen bridge configuthe Si_,Ge, alloys, however. The effect of small germa-
ration was identified by the position of the infrard®) ab-  nium doping €<0.0134) on the IR absorption bands of the
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Si-O-Si center was studied in Ref. 14. No evidence waddellmann-Feynman forces on atoms which are needed for
found in this work of the O atom appearing close to Gethe atomic relaxation and the calculations of the vibrational
atoms, i.e., the shift of the 1136 crh peak due to doping spectra(see below. To minimize the cost of the calculations,
was found to be sufficiently small that the formation of directultrasoft pseudopotentidfs®® have been used for the Si, Ge,
Ge-O-Si or Ge-O-Ge molecules can be ruled out completelyand O atoms. Differenk-point samplings have been em-
It was, therefore, assumed that O atoms occupy bridging pgsioyed depending on the system cell size. Most of the calcu-
sitions between two Si atoms as in pure silicon forming gations reported here are based on the periodic simple cubic
Si-O-Si molecule. Consequently, in addition to the usualse| containing 64 Si atoms. Four points in the Brillouin
1136 cm * band seen for the oxygen in a pure silicon, NewW,qne generated using the Monkhorst-Pack method with
IR adsorption peaks at 1118.5 and 1130.1 émvere ob- 5y 55 k-point mesh have been found sufficient for this
served attributed to Si-O-Si molecules perturbed by ne'ghf'system. When considering the O defect in this cell, only

boring Ge atoms at Si lattice sites. The shifted positions of' 1 point has been normally used. The calculations
other bands were ascribed to weakened anharmonic coupli : . :
ve been performed using the generalized gradient

between the rotational and asymmetric vibrational modes o imatior?®
the Si-O-Si molecule. approximatiort. . R .

Similar results were obtained in Ref. 16 where the IR Dynam|§:al prqpemes of oxygen in Si anq SiiGe have
spectrum of the interstitial oxygen in Si Ge, systems was Peen studied using a modification of the dire@tozen-
investigated for a considerably larger Ge content (0024 Phonon method:* In this method, the elements of the
<0.066). In particular, the formation of direct O-Ge bonds force-constant matrix are calculateq fradn initio forcgs ex-
was not observed in the IR spectrum. It was also found thag"ted on all cell atoms when a particular cell atom is slightly
a good agreement with experiment is achieved if one asdisplaced from its equilibrium position. As our concern in
sumes a random distribution of Ge atoms in the crystal. Athis study has been only related to the vibrational modes
even higher doping the IR spectrum is transformedassociated with the O defect, we used the following ap-
considerably’ as nearly all interstitial oxygens have neigh- proach. To calculate the force-constant matrix for the Si cell
boring Ge atoms. Finally, recently an extensive study coverwith a single O atom in it, we first relax all the atomic posi-
ing the full composition range (©x<1) was performed in tions until the forces exerted on atoms are less than 0.001
Ref. 18 using the IR and secondary ion mass spectroscopied//A (compare, e.g., with Ref. 27Then we identify in a
as well as the extended x-ray fine structure method. It wasluster of atoms consisting of the oxygen and a finite number
found that the asymmetric stretching mode peak shifts t@f the host Si atoms around it. The atoms of the cluster are
smaller frequencies with the increase of Ge doping, whereadisplaced from their equilibrium positions one by one; for
the intensity of the peak decreases. At the same time, no peaach configuration thab initio forces and thus the corre-
was found around 855 cit even in Ge-rich alloys, which sponding contributions to the force-constant matrix are cal-
means that no Ge-O-Ge vibration was observed. It is alseulated. Ifn is the number of atoms in the cluster, this way
pointed out in Ref. 18 on the expansion of the Si-Si bondsve obtain a 8 X 3n dynamical matrix which is diagonalized
with increase of the Ge concentration as a possible factao give the first approximation to the local phonons. The
which should be taken into account while analyzing the ex<calculation is then repeated several times by including more
perimental IR spectra. and more atoms into the cluster. We find that vibrational

To the best of our knowledge, there have been no firstfrequencies somewhere above 100 ¢ntonverge reason-
principles theoretical studies of the; @efect in the Si/Ge  ably well with the cluster sizésee the following sectionAs
system. Therefore, the aim of the present paper is to fill irexpected, this method is unreliable for phonons with lower
this gap by studying the geometry, energetics, and vibrationgtequencies(with wavelengths larger than the cell size
spectrum of the O interstitial defect in a Si/Ge system in theThese modes, if given at all by the finite cluster used, are
limit of small Ge concentrations using @b initio density-  strongly coupled to the continuum of low-frequency bulk
functional (DFT) method. acoustic modeS§.e., are resonanceand should show cluster

The plan of the paper is as follows. In Sec. Il we briefly size dependence. Therefore, we do not consider them in this
describe our DFT method. The O interstitial defect in the Sipaper, excluding the 29 cm band in particular.
bulk is considered in Sec. Ill to verify our methodology. In When modeling the QOdefect in the Si/Ge system, the
addition, it serves as a convenient reference system witsame method is used. Note, however, that depending on the
which the O defect in Si/Ge can be compared. The geometryosition of the Ge atom with respect to the oxygen, the
phonon, and electronic structures of the O interstitial in thechoice of possible clusters can be somewhat limited since in
Si/Ge system are presented in Sec. IV. Finally, in Sec. V weach cluster both O and Ge atoms are to be present.
discuss our results and draw brief conclusions. Diagonalization of the cluster dynamical matrix gives the
vibration frequencies, and the corresponding eigenvectors
eM=|leM|. HereA is the cluster atom and=x,y,z gives
three Cartesian directions. The eigenvectors enable us to

We used DFT, periodic boundary conditions, and planeidentify localized modes and resonances associated with the
wave basis set as implemented in the Vieabainitio simu-  defect and/or Ge substitution. Indeed, each particular eigen-
lation packag® 2! (vasp) to obtain the relaxed geometries, vectore™ gives the relative amplitudes of each atom in the
the electron density, the Kohn-Sham energies, as well as treupercell if this particular vibration is activated. Therefore,

IIl. METHOD
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by analyzing the projected phonon density of stdg®non
PDOS,

Da(w)=2 2 [e)]28(0—w)), (1)

a N\

(b)

for every atomA of interest(e.g., O atom, nearest Si or Ge  FIG. 1. Different configurations for interstitial oxygesmall
atomg, one can find at which frequencies particular atomscircle) in Si and Sj_,Ge, systems(a) Cy,, and (b) D34 configura-
contribute. When plotting the phonon DOS, we replace eaclions in Ge-free silicon, an¢c) a puckered configuration for sys-
Dirac 6 function with a Gaussian of dispersiomr tems with a Ge atom in positions markagB, C, andD (systemsA,
=10 cm 1. This smearing procedure is necessary becausg C, andD, respectively.

our cluster method gives only a limited number of phonon

modes. Using the calculated vibrational frequencies for th‘?mplementations of the DFT method used. Second, the inter-
cells with and without the O atom, we can also calculate thgnediate size 64 atom cell is sufficient for the O defect cal-
quasiharmonic contribution of the defect to the vibrationalgjjations: note, however, that it has not completely con-
entropy and the free energy of the crystabt reported in - yerged with respect to the defect formation energy since on
this papey. _ doubling the cell to 128 atom&; is 0.4 eV lower. All our
The charge densﬂp(g) of every cell has been analyzed ghsequent calculations have been done using the 64 atom

using theLEvoo packagé® by plotting the density along lines ce|| Third and most important, the difference between the
and in planes cutting through the cell. Additional insight into D4 and the lower symmetr,,, structures is found to be
the density distribution in every system, and in particular gextremely small. To explore this point even further, we have
possible charge transfer between atoms, has been gained RY.on the O atom away from ti@,,, symmetry and allowed
calculating the charge in spheres of different radii centered aioms to relax. The resulting, symmetry structure has
on various atomscf. Ref. 29. Electronic total and projected only 1.03 meV lower energy than th@,,, structure, 157°
DOS has been calculated from the Kohn-Sham eigenstates_o_g; angle, and 1.62 A Si-O distance. Thus, our calcula-

; 31
using the method of tetrahedfa’® o tions, in complete agreement with the previous theoretical

Formation energies of the O interstitial were calculatedgy,qie24-6 clearly demonstrate that the potential-energy

. ’3 L

using’ surface for the O atom around the linear configuration is

extremely flat with very small barriers between different

Ef(O)ZED_Z i - (2)  shallow energy minima. This point is also reinforced in our

|

calculations of the phonon structure which showed the exis-
tence of one or two imaginary vibrational frequencies for
every geometry studied.

The distribution of the electron density in the Si-O-Si sys-

Here Ep is the total energy of the supercell containing the
defect and composed of atoms of specieswhose chemi-

cal potential isu; . The chemical potentigks; of Siis simply o1 i’ shown in Fig. @). The covalent bonding between the
the energy per ator_n in the bulk phqse. It was calculated %o Si atoms of the Si-O-Si molecule and the O is clearly
Msi=—5.427 eV using the fcc cell with 128 Si atoms and a0 The two electrongone from each of the two Si at-

sufficient number ok points. To calculate the chemical po- oms which used to form the Si-Si bond in the O-free system

tential .o of an oxygen atom, we conmde?e”t_the a-quartz Participate now in the covalent bonding with the O atom
crystal. There are three Si and six O atoms in the unit cell o

the @ quartz. Therefore, the O chemical potential /g, ) _ ) ) ] ]
— %(E3Si02_ 3us)=—9.19 eV. TABLE I. Si-O distance, Si-O-Si angle, and formation energy in

the relaxed structures df,, and D3y symmetries found for the
three cell sizes considered here.
Il INTERSTITIAL OXYGEN IN SILICON BULK

A. Equilibrium structure Cell (k pointg Property Cin D3y Cyp, (Ref. 4

The geometrical characteristics and formation energies of°c¢ 32(14) E«(O) (ev) 168  1.69 1.83
the relaxed linear structure of tHe;q symmetry[see Fig. S-O(A) 1613 1604
1(b)] calculated using supercells containing 32, 54, 64, and Si-O-Si(deg 161.0 180
128 Si atoms are shown in Table I. By taking the O atom fcc 54 (4) E{(O) (ev) 163 169
away from the Si-Si bond direction within the plane perpen- Si-0 (A) 1.628 1.598
dicular to it and allowing all atoms to relax again, we ob- Si-O-Si(deg 1464 180
tained in each case th@;;, symmetry structur¢Fig. 1(a)] sc 64(4) E{(O) (eV) 155 1.56 1.81
with slightly lower total energy. The parameters of this struc- Si-0 (A) 1.619 1.605 1.62
ture for every supercell are also shown in Table I. Three Si-O-Si(deg 157.1 180 157
points follow from these results. First, our results for the O fcc 128(4) E:(O) (eV) 1.15 1.16 1.38
defect are in a good agreement with the previous DFT Si-0 (A) 1.619 1.605
calculations! Formation energies are slightly smaller than in Si-O-Si(deg 161.8 180

Ref. 4 which we think is due to differences in the particular
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Y coordinate (A)
Y Coordinate (A)
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(a) (b)

FIG. 2. The electron charge densities of the linear Si-@Qagand Si-O-Geb) systems.

making it effectively G~. Other three electrons of the two quent calculations of the phonon frequencies to be described
Si atoms are engaged in the covalent bonding with the suin the following a cluster containing 26 Si atoms has been
rounding Si atoms as in the O-free system, so that the densifpund sufficient.

on the two Si atoms nearest to the O atom remains largely Comparing the phonon DOS of the cell with and without
unaffected. The calculated electron DOS shown in Fig. 3he O atom, we find a number of features due to the O defect.
does not show any states in the gap between the valence ahBiese appear as peaks and resonances in the projected DOS
conduction band, although some considerable changes withBhown in Fig. 4: the modes around 140, 260, and 1107'cm

the occupied band due to the O defect are clearly visible. (the first two are resonances and the last one is a local mode
involve the oscillation of the O atom, while the 160, 526, and

599 cm ! modes(two resonances and a local mode split off
B. Vibrational properties the bulk band, respectivelyre associated with the symmet-

The vibrational frequencies of the O defect have beer{ic oscillations of the two Si atoms of the Si-O-Si molecule
calculated using the modified direct method described abové{‘f/(')trr:1 ?Ln;o(s)t gg)rg tga{::g'qaggogqegiéz Sznrfofgrét;'g?lte'zn
We find that, apart from the single lowest phonon mode : :
which decrease steadily with the increase in the cluster siz%naIySIS of the symmetry of each mode showed that the 526,

all other frequencies converge reasonably well. In all subse299: and 1107 cm! oscillatio_ns correspond to the well-
known 517, 600, and 1136 c¢m bands, respectively. Note

that the resonance around 140 chrhas been predicted be-

60— , . , T ,
- Ny
Si, (SiGe) 4 .I 0.06 T = T
50 e 8i 0 FIY - | total DOS
-==- SiGe:0 & ———- PDOS on O
= | : ] 0.05| ! PDOS on both Si _|
2
Fol 1
£ 2004 B
g
- — =
§ 30 £
= 2003 ,
g a
B 20 — E
= a=°_ 0.02- m
101 _
0.01- ,
R el .
_ J: ‘\'/-'-“ . :
0 0 10 ol ot B MR olEL U X L ‘ i
Energy (eV) 0 200 400 600 800 1000 1200

Frequency (em™)

FIG. 3. Electron DOS for the O-containing systems. Note that
the energy gap between the valence baril) and conduction band FIG. 4. Total and projected phonon DOS for thgy symmetry
(CB) is reduced due to the smearing procedure uSat. I)). O defect in silicon.
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TABLE Il. Some of the LVM’s (cm 1) and their downward isotopic shifts.

This work Observedi From Refs. 4 and 3

28gj160-28g; 1107.2, 599.6, 526.2 1136.4, 618, 517.8 1184, 519 619
1098, 638
30g-160-28g; 3.6, 10.2, 0.2 3.7,9.5, 4,10%1
305160 -30g; 7.1,19.6, 4.4
285j.180.28g 51.1,0,0 51.4, 0, 0.0 55, 040
50, 2

305180285 54.8,10.2, 0.3 55.2 58, 1041
305180305 58.5, 19.5, 4.5
2Ge60-285; 28.1, 73.5, 3.4

8From Ref. 5, except for the 618 ¢mh band which is from Ref. 13.

fore in Ref. 3, while the one around 260 chnalso clearly Then we have introduced a single O atom to theGe
related to the O defect, as far as we are aware, has neveell. Four Sj;GeO systems have been considered in which
been reported before. Our frequencies are in close agreemdhe O atom was positionddee Fig. 1c)]: systemA, nearest
with those observed, which demonstrates that the clustdp the Ge atom, i.e., forming a Si-O-Ge molecule; sysi&m
model used in our calculations is adequate. Note, howevei the second sphere, i.e., nearest to the Si-O-Si molecule;
that the 140 cm® mode still shows a weak cluster size de- SystemC, in the third sphere; and systeDy in the fourth
pendence. As our interest here is in the effect of the Gé&phere. In every case all atoms were allowed to relax to their
atoms on the O defect, these drawbacks of our model are n#techanical equilibrium. Both linear and puckered configura-
important since the same cluster model will be used fottions of the Si-OX molecule were considered. Formation

Si/Ge systems as well. energy of the O defect,
Three characteristic vibrational modes together with )
their downward isotopic shifts are shown in Table Il. The Ef(O)=Esio0ce (Esicet 10, 3

asymmetric stretching mode at 1107 ¢t is shifted L .

by 51.1 cmr * with the 0 atom in good agreement with the which is calculated with respect to thegsge cell, together
experimental result of 51.4 cm. A good agreement with with the geometric characteristics of the SiXOmolecule
the observed isotopic shifts has been found in other cases éﬁ:Ge. for sglstemA andX=Si for other three systemare
well. For instance, the calculated 3.6 chshift for the ~ SMOWN N Table Il. R . .
305160235 system is also in excellent agreement with the As in the case of the O defect in silicon discussed in the

observed value of 3.7 cit. The 599 and 526 ciit modes preceding section, we found that from the point of view of
originate from a symmetrical vibration of the two Si atomsth? total energies the linear geomgtry Is in each case a s_addle
of the SO molecule with a negligible contribution from the point and the puckered configurations are more energetically

O atom and are thus practically unaffected by tH® favorable. The energy barriers between two opposite puck-

180 change. The isotope shifts due to change of theered geometries calculated at the linear configuration for

masses of the two Si atoms agree well with other theoretica(f.a.seg?" C, andD are compar_ab le to that founo! for the Qin
calculations silicon. The formation energies for these configurations and

geometry parameters are similar to each other and are also
very close to those for the O in silicdiof. Table ). Thus, if

. the Ge atom does not appear as the nearest neighbor of the O
IV INTERSTITIAL OXYGEN IN Si-- ., Ge, atom, the O defect can be viewed as the Si-O-Si molecule
A. Energetics and geometry

. . TABLE Ill. The formation energyE;(O), and geometry of the
To study the oxygen defect in the,SiGe, system, we O interstitial defect in the Si/Ge systems.

considered the same 64 Si atom cells as above in which one

Si atom was substituted by a Ge atdthis corresponds to  gystem E/(O) (eV) Si-O(Ge-O (A) Angle (deg
the value ofx= & =0.016) and then all atoms of the;Ebe

cell were allowed to relax to their equilibrium positions. The A (puckered 2.25 1.61(1.80 144.6
Si and Ge atoms are nearly identical from the chemical poin& (linean 2.37 1.58(1.76 180

of view, the latter one having slightly larger atomic radius.B (puckered 1.48 1.62 157.6
Nevertheless, we find very little atomic relaxation in the sys-B (linean 1.49 1.60, 1.61 170.4
tem around the Ge atom and a negligible change in the ele@ (puckered 1.51 1.62 157.9
tronic DOS. For instance, the Si-Ge bond length and thec (linean 1.52 1.60, 1.61 174.8
Si-Ge-Si angle,asi.ges, were found to be 2.39 A and p (puckered 1.50 1.62 153.6
109.47°, respectively, which are very close to the value$ (linean 151 1.61, 1.61 176.4

2.36 A andag;.qi.5=109.47° found for the perfect Si system.
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which is only slightly perturbed by the Ge atom in the neigh-tant; it was taken as the energy of a single Ge afame find
boring spheres. This is in agreement with the previoughatE;(O) is equal to 1.48, 1.51, and 1.50 eV for systeBns
studiest* C, and D, respectively. The linear geometry of the Si-O-Si
The situation is rather different, however, if the Ge atommolecule was used in each case. One can see that in€ases
is positioned next to the oxygefsystemA in Table Ill). In andD the oxygen formation energy is extremely close to the
this case a Si-O-Ge molecule is formed with the linear gevalue of 1.56 eV for the Ge-free system. In the case of sys-
ometry to be 0.12 eV higher in energy than the puckered onaem B the discrepancy is slightly larger since in this case the
This is consistent with the results for the O defect ininfluence of the Ge atom on the structure of the Si-O-Si
germaniur where it was found that the energy difference molecule immediately next to it is obviously not negligible.
between the puckered and linear configurations of the Ge- Similarly one can compare the substitution energy
O-Ge molecule is noticeably larger than that for the O inE(Ge)=—0.057 eV, Eq(5), in the O-free system with that
silicon. Then, as expected, we also find that the Si-O-Gealculated for systems with the O atom using
molecule is no longer symmetrical. For example, in thi
puckered geometry the Si-O bond length is by nearly 0.2 E/(Ge) =(E« 4 ) —(Eai ~+t ) 6
shorter than the O-Ge distance and the Si-O-Ge angle is by (69 = (Esigpast #s) ~ (Esigo™ pad ©
more than 10° smaller. This is mainly due to a larger size offne sypstitution energies, (Ge) obtained for systen®, C,
the Ge atom. Most importantly, the energy of the O defect,,4p gre ~0.073, _0_045& and—0.052 eV, respectively.
with the Ge atom in the first sphefsystemA) was found to  Again in the case€ and D these are close to the energy
be at least 0.7 eV less energetically favorable than for th ((Ge)=—0.057 eV, whereas the difference in substitution

other three systems in which the Ge atom is located f“rtheénergies between systeBnand the O-free system is some-
away from the oxygen. Thus, we conclude that the O atom

does not prefer to form a direct chemical bonding with theWhat more significant.
Ge atom. o )
The electron DOS for the Si-O-Ge systdrystemA) is B. Vibrational properties
shown in Fig. 3 where some redistribution of the electron To investigate how the Ge doping perturbs the vibrational
states within the valence band is clearly visible. Howeverproperties of the O defect in silicon, we have calculated the
there are no states in the gap similar to the O in silicon. Theghonon PDOS for the $iGe cell without and with an oxy-
difference in the electronic DOS for the two systems is duegen atom; in the latter case all four positions of the O with
to some atomic relaxation in and around the Si-O-Ge molrespect to the Ge atom have been considésgdtemsA to
ecule caused by a larger Ge atom. This latter point can alsp). We found only a very little change in the phonon DOS
be seen in the electron density for the Si-O-Ge system whickor the oxygen-free system due to Ge substitution. A heavier
is compared to that of the Si-O-Si system in Fig. 2. The twoGe atom introduces a small resonance at around 120 cm
charge densities look very similar. However, the Si-O-Geas well as some insignificant features in the middle of the
molecule has a slightly larger size which induces a locakilicon phonon continuum. The phonon total and projected
mechanical strain in the surrounding lattice. This strain isDOS for the system with an oxygen atom positioned next to
larger than that induced by a single Ge atom in the purghe Ge(systemA) and in the third coordination sphefsys-
silicon lattice which explains Why the Si-O-Ge System is |eSQem C) are shown in F|g 5. The phonon DOS for the
energetically favorable than any of the Si-O-Si systems Witrgi63Geo systenD is very similar to that for syster@, while
the Ge atom in their neighborhood. the DOS for systenB (not shown is intermediate to those
The point about only small perturbation of the O defectfor systemsA andC.
due to the Ge substitution for systefdsC, andD can also First of all, we note that the DOS for systebn(and thus
be illustrated by the following simple calculation. The total for systemD as wel) is very similar to that for the Si-O-Si
formation energy of the O defect in those systems, Ge-free system shown in Fig. 4 and discussed earlier. This is
, consistent with our earlier conclusion based merely on ener-
E{(0,G8=(Esiocet #s) ~ (Esig, t haet 1o)y  (4) getic arguments that these systems can be treated as consist-
;ng of independent Si-O-Si molecule and a Ge substitution
defect. Consider now the phonon DOS for the Si-O-Ge sys-
tem (systemA). Three significant differences can be noticed
if compared with the phonon DOS of the Si-O-Si system
Es(Ge) = (Esi get is) — (Esi,t iao) (5)  (Fig. 4). First, the peak_ at 1107 cm has moyed_to much
lower frequency 962 cmt; second, the contribution of the
required to substitute a single Si atom with a Ge atom in theGe atom into this peak is much less significant than that of
O-free system. If these two defects, namely, the O interstitiathe Si; third, the 599 cm' peak which was split off from the
and the Ge substitution, are independent of each other, thagp of the phonon continuum in the Ge-free system has be-
the formation energy of oxygek, (O), in the Si/Ge system come a resonance in the case of system
should be very close to the formation enefgy(O) in the To understand these effects, we considered the vibrational
Ge-free system reported in Table I. Using from our calculasspectrum of the O defect in the silicon system in which one
tions the available total energies of all the systems featuredf the Si atoms was given the mass of the heavier Ge atom.
in the above formuldhere the choice ofig. is not impor-  We kept the force-constant matrix as well as the atomic ge-

can formally be written as a sum of the formation energies o
the oxygen defect in the Si/Ge system, E8), and the en-

ergy
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FIG. 5. Total and projected phonon DOS of twgSieO systems with the Ge atof@ in the first(systemA) and(b) the third (system
C) coordination spheres with respect to the O atom. A linear geometry of theXSir@lecules K=Ge, S) was used in each case.

ometry in all these calculations as for the Ge-free system. The isotopic effects based on the phonon calculations of
Since chemically Si and Ge atoms are very similar, this waythe Sg;GeO unit cell with linear geometries of the Si>O-
one can approximately simulate all four systems frdto D molecules are listed in Table IV. In all cases the Si isotope
depending on which Si atorfwith respect to the oxygeén corresponds to Si atom directly bonded to the oxygen. Dif-
was given the Ge mass. We call these “fake” Ge systemsferent Ge isotopes play a very small effect on the highest
The phonon DOS for the O in the Ge-free system as well afrequency of the peak near 1061 ¢t This is to be ex-

for the fake and real systed are compared in Fig. 6. One pected for system8 and C in which the Ge atom is not
can clearly see that the 1107 chphonon peak moved to- directly bound to the O. In the case of systeéinthis is
wards lower frequencies in the case of the fake sysdéemt  consistent with the fact, mentioned earlier, that the Ge con-
the same time, the peak near 599 ¢nmoved to lower fre- tribution into this particular vibration is small. The effect of
guencies and became a resonance. A similar analysis h#se Ge mass on all other frequencies is also insignificant. On
been made for systeniy C, andD. We find that there is a the other hand, the mass of the O atom significantly affects
very little difference between the phonon DOS for the fakethe vibrational frequencies which is in line with our results
and real system8, C, andD. Thus, we conclude that the for the Ge-free system, Table Il. Since the O atom prefers not
phonon spectra of the O defect in the Si/Ge system, excepb have the Ge atom in the first sphere, we can conclude that,
for the 1107 cm?! peak of systemA, can be explained al- at least for small Ge concentrations in which the effect of the
most entirely by the different mass of the Ge atom. Thelattice expansion due to Ge substitution is not significant,
1107 cm * mode is found to be also sensitive to the changeone should not expect any significant shifts in the phonon
in the chemical bonding of the O atom to its two neighborsspectrum due to different Ge isotopes; on the other hand, the

caused by the Ge substitution. peaks due to O isotopes also should not depend on the Ge
concentration.
Si&,o'withfake& ] TABLE IV. Calculated LVM’s (cni't) for systemsA, B, andC
s 5i,0 . with 28Si, 180, and "?Ge and their corresponding isotopic shifts
———- Si,0Ge (see text
= 05 ]
'?f Isotopes System SystemB SystemC
£ 04 —
z 1 283),1%0,"Ge 961.7 1046.3,594.6  1061.5, 594.3
T e . 83j,1%0,"%Ge -0.2 0,—0.02 0,0
gl i 25,10, "Ge 0.18 0, 0.01 0,0
' ] 28gj,180,Ge 43.6 48.4, 1.7 48.6, 1.5
il | 285j 180, "0Ge 43.4 48.4, 1.7 486, 1.5
s , L 285,180, Ge 43.8 48.4, 1.7 48.6, 1.5
o5 T AS S0 ¥si,1%0,"%Ge 5.5 31,95 3.3,10.0
Prequency () %0si,'%0,"Ge 5.9 31,95 3.3,10.0
%0sj,1%0,%Ge 49.6 51.6, 11.2 52.1, 115
FIG. 6. Comparison of the total DOS forsgD (Ge-freg, fake, 305j,180,"Ge 50.0 51.6, 11.2 52.1, 11.5

and real systemA.
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V. DISCUSSION AND CONCLUSION positions with respect to the oxygen. These calculations cor-
respond to a rather low concentration of Ge atoms in the
alloy Si_,Ge, (x=0.016). Our main conclusions coming

rpm the calculations can be summarized as follows. First,
fie O atom finds it energetically more preferable to stay

; . way from the Ge atom: the likelihood of finding O atoms
Chemically, the O atom establishes a strong covalen : . . .
. : ) X making a direct chemical bond with Ge atorfe least at
bonding with the two Si atoms which donate an electron S
; S . small Ge concentrationss small. Therefore, O atoms are
each to form the Si-O¢ molecule, whereX is either Si or

Ge. Our calculations for the oxygen defect in silicon agre most likely to form Si-O-Si molecules similar to those
: . € oxyg . 9% 6rmed in pure silicon; these molecules may, however, have
reasonably well with the existing experimental data and pre-

- ) - ; . ._~Ge atoms in their neighborhood. This conclusion is in good
vious calculations. In particular, we confirm a highly peculiar

. . . Y18 _
anharmonic character of this defect which can be considere greement with the available experimental ddid*® Sec

as a vibration of the oxygen atom along the Si-Si direction nd, the effect of the Ge atoms on the geometry and vibra-
Y9 9 tional properties of the Si-O-Si molecules is not very signifi-

coupled_ to Its rotation around the same axis. '_I'herefore, ou ant, apart from the case when a Ge atom is positioned next
calculations agree with the conclusion made in Ref. 5 tha] . X Y .
the molecules which results #40 cm * downward shift

th"?‘ d_efgct S.hOL"d be treated as Ilngar rather.than .puckeregof the asymmetric stretching mode. Third, at higher Ge con-
This is in spite of the fact that the linear configuration does . ! - )

L centrations one has also to consider a possibility of Si-O-Ge
not correspond to the global energy minimum of the system;

Using a simple finite cluster approach whereby a finitemolecules(and Ge-O-Ge molecules at even higher concen-
9 pie er app ya ations. We find that the vibrational spectrum of the Si-
number of atoms in the periodic supercell are considere

o .~0-Ge molecule in silicon, geometry of which is intermediate
explicitly, we calculated the phonon spectrum of the O in : ; . .
o ) oo to that of the Si-O-Si and Ge-O-Ge molecules, is consider-
silicon system. In particular, we show that the vibrational

spectrum contains two local vibrations. asymmetric and s mg:lbly deformed in comparison with the vibrational properties
pec . » asy 1 YM5t the O defect in pure silicon. In particular, we find that the
metric stretching modes around 1107 chand 599 cm?, iy} ; :
. : 1107 cm - peak moves considerably downwards, while the
respectively. Although the first mode has been known for & 1
X 99 cm - local mode becomes a resonance. The downward
long time, the latter one has only been suggested rather . . : : i
) o . . - shift of the asymmetric stretching mode with an increase of
recently since it is IR inactive. In addition to these local X X
; the Ge concentration was observed in Ref. 18.
discrete modes, we have also found some resonances which The study reported in this paper is rather limited since it
are attributed to the O defect. The resonances around 14coorres on dgto gnl ver smal?cgncentrations of Ge atoms in
and 526 cm® have been reported before in Ref. 3 and Refs. P yvery

12, 10, 6, 5, and 4, respectively: at the same time, the IOW§|I|con. We plan to consider several Ge atoms around an O

frequency resonance around 260Cm as far as we are defect in the near future. We think it is also important to
q y . understand the diffusion properties of the O defect in the

aware, has not been reported previously. One has to have 8 Ge allovs

mind, however, that low-frequency resonances might be dif~ X & ys:

ficult to observe experimentally since they may be masked

In this paper we report first-principles DFT calculations of
the O interstitial defect in pure Si and Si/Ge systems. In bot
cases we studied geometry, energetics, as well as vibration
properties of the defect.
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