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Host isotope effects on midinfrared optical transitions in silicon
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The effects of changing the host-lattice isotopes from natural siligpproximately’®Si) to *°Si are reported
for some of the important local vibrational modés/Ms) observed in as-grown and electron-irradiated
Czochralski silicon. We show that the quanta of the LVMs shift to lower energf‘;?&hcompared to natural
silicon by amounts varying from 3.5 to 27 chin very good agreement with predictions from density func-
tional theory. The 2767 cm (“3.6 um”) transition of the negative divacancy is also found to shift to lower
energy with increasing silicon mass, but we demonstrate, using an empirical method of predicting the shifts of
zero-phonon lines, that the line is a zero-phonon line. The empirical method used is verified by analyzing the
shifts of the very-low energy 3942 crhvibronic band.
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I. INTRODUCTION empirical method of predicting the zero-phonon shifts works

for a known very-low energy vibronic band, and we use that

Currently there is considerable interest in studying thenethog to confirm that the 2767 chiine is indeed a zero-
effects on optical transitions in silicon of changing the iso-

honon line.

topes qf the hogt lattice. Studies. have bee_n made on Ramgn We begin by describing the experimental arrangements
scattering from isotope superlatticesn the indirect energy Sec. 1)
gap? and on the electronic states of the shallow donors ané o
acceptors—® Many of the deep centers created by radiation [l. TECHNICAL DETAILS
damag_e and ion i_mplantation which produce ph_(ztolumines- The isotopically enriched CzochralsfiSi sample used
cence in the near infrared spectral rariges000 cm~) have . — 0cn )
also been investigated. To date, the only measurements heré* had a mean mass number Mdf(*’Si) =29.98, derived
made on local vibrational modes have been on interstitiaffom Secondary lon Mass Spectroscof§IMS) Mmeasure-
oxyger and bond-centered hydrogéh. ments of the isotope content as 98.7%%i, 0.59%%%Si, and

In Sec. Il of this paper we present experimental data an®.67%2%Si. We confirmM(*’si) from the optical measure-
quantitative analyses of the isotope dependence of some afents in Sec. Ill. Using standard calibratidisthe *°Si
the most common local vibrational modes observed in assample was found to contain>310*" cm3 substitutional
grown and electron-irradiated Czochralski silicon. We reportcarbon and 8.& 107 cm™2 interstitial oxygen. Shallow dop-
that the vibrational modes of substitutional carbon, intersti-ants, mainly substitutional boron &B]=5.5x 10' cm3,
tial oxygen, carbon-oxygen complexes, and the vacancywere of negligible concentrations since the sample was irra-
oxygen A center shift to lower energy i1Si compared to diated, at nominal room temperature, with 1.5 MeV electrons
natural silicon, by amounts varying from 3.5 to 27 ¢mMe  to a dose of 5 107 cm™2. Comparisons have been made
show that the measured shifts are in very close agreememtith electron-irradiated Czochralski samples of normal iso-
with predictions from current density functional theory. In tope content and of simildfO and“C or *C content. The
Sec. IV we observe that the 2767 Thtransition of the nega- absorption measurements were made with the samples at 8 K
tive divacancy also shifts to lower energy with increasingon the cold-finger of a closed cycle cryostat, using a Nicolet
silicon mass. This behavior is the opposite of the shifts for allFourier transform spectrometer fitted with a KBr beamsplit-
known zero-phonon lines in silicon, and, together with theter and an MCT detector cooled to 77 K. The resolution, as
very large width of the line, would be consistent with the given by the full width at half height of residual atmospheric
involvement of a phonon in the transition. We verify that anabsorption was 0.5 cth
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We refer to samples with the normal isotope content as 12
“natural silicon.” Throughout, values of wavenumbers T 10¢ . N ]
quoted without qualification are for natural silicdiQ, and § 8r” ‘ \\ ]
12C in the limit of low temperature. 5 6 >

Local vibrational modes of the centers considered here ‘g 4k TN
have been investigated by first principles calculations, usu- 8 Lt ]
ally for natural silicon, and the calculations have been re- ° 473, ST 0
peated for’Si. Dynamical matrix elements were evaluated 580 590 600 610 620
using linear response thedipr by explicitly displacing the wavenumber cm—1

impurities and its Si neighbors along all Cartesian
coordinates? Further details of the methods are given below
where they are used, together with the laboratory implemen
ing them.

FIG. 1. Absorption produced by the LVM of carbon. The broken
line in the lower figure shows the absorption spectrum of a pure
float-zone"®Si sample. The absorption spectrum of%si sample
doped with3C, after removal of the intrinsic absorption, is shown
by asterisks. The peak at 589 this from 3¢, and that at

I1l. VIBRATIONAL TRANSITIONS 607 cnt from trace®®C in the same sample. Points show the
_ . o absorption measured in "8'Si sample doped wit’C. The lines

Silicon produces appreciable optical absorption in the rethrough the points for the 589 and 607 ¢npeaks are fits as de-
gion 500 to 1450 cmt by creating two and three phonons. scribed in Sec. il A, allowing for the random isotope distribution.
This intrinsic absorption has been removed from the spectrathe upper part of the figure shows spectrafi. The broken line
by subtracting the absorption spectrum of a natural floatshows the intrinsic lattice absorptioniPSi as calculated by scaling
zone reference sample of high purity. For i8i spectra, the the frequency axis of an absorption spectrum of the float-zone
frequency scale of the reference spectrum must be reduced $ample. Pointsx show the absorption produced BYC in that
allow for the mass change. We assume that the vibrations asample after removing the intrinsic absorption. The line through the
harmonic. Then, changing the mass simply changes the vB04 cnmi! peak is the fit of a single Lorentzian. For clarity, only
brational frequency in the inverse ratio of the square root ofepresentative experimental points are shown, and*f#e data
the effective masses. A small mismatch in the frequencyrave been displaced vertically by 6 T
scales shows itself by producing highly visible “derivative
type” features in the difference spectrum, and removing thend can be adjusted so the transition energy between the zeroth
is very sensitive to the assumed mass. To fit the natural speand first vibrational states is 10% lower than the transition
trum to the®*Si spectrum requires ti€Si sample to have a energy in the unperturbed harmonic oscillator. Then, a
mean mass of 29.96+0.0ln the harmonic approximation  change in the effective mass from 28 to 30 units produces a
in very close agreement with the SIMS analysis, Sec. llchange in transition energy that would be the same, within
Difference spectra in the region of the strongest intrinsicour experimental uncertainties, to the change predicted if the
two-phonon absorption in silicon are shown in Fig. 1. Iso-mode was assumed to be harmonic.
tope shifts of the local vibration modes of substitutional car- These estimates show that the contributions of the anhar-
bon are clearly observable. monic terms in the potential to the host isotope effects are

For vibrations involving impurities, the change in the ef- very small. The shifts expected on changing the isotope will
fective mass is determined by the specific mode being corderive primarily from the simple result that for a harmonic
sidered. In addition, isotope effects occur through the anhapotential, the vibrational frequency is inversely proportional
monic part of the potential by two processes. First, theto the square root of the effective mass. This result is impor-
anharmonicity of all the modes of vibration of the crystal tant, since it allows us to make a direct comparison between
result in a change in lattice parameter with isotope mass. Thexperiment and thab initio calculations, which employ a
change between natural silicon aff$i has been measured harmonic formalism.
at low temperatur®@® as AV/V=-1.682)x10* The
change in frequency with volumeV is represented by the
Gruneisen parametey=-d(In w)/d(In V). Typically |y|=1
for lattice modes in silicoA! and in the limit of low volume The vibrational frequency of substitutional carbon, S
changey=0.2 for the local vibrational mode at 1136 chof ~ 607.5 cm? in natural silicon, only~15% higher than the
interstitial oxygent® For a value of|y|=1, the volume maximum mode frequenc{s25 cnl) of silicon. If the vi-
change would produce a change of only +0.2°trfor a  bration only involved Si atoms, the mode would experience
mode of quantum 1000 crh This change is little more than an isotope shift of~-19 cnT! between®’Si and"¥Si. The
the uncertainty in measuring the peak positions, and is morebserved shift is only —3.5 ¢th The vibrational frequency
than an order of magnitude smaller than the shifts reportedf C, in ?Si has been predicted to be 598 ¢nusing a
below. 64-atom supercell with the local density approximation in

A second effect of anharmonicity comes from the localthe sIESTA code at Texas Tech:'° Adapting the dynamical
vibrational mode itself. This effect can be illustrated by in- matrix for 3°Si gives 593.6 cit, a shift of —4.6 cmt in
troducing a cubic potential terinQ® to the harmonic poten- close agreement with experiment.
tial %meQ2 for an effective massn vibrating at angular Since changing the silicon isotopes produces only a small
frequencyw in a coordinateQ. For example, the cubic term shift, the random assembly of isotopes in natural silicon may

A. Substitutional carbon

115212-2



HOST ISOTOPE EFFECTS ON MIDINFRARED OPTICAL PHYSICAL REVIEW B 71, 115212(2005

broaden and shift the optical transition relative to single-theory implemented at King's College London by tesp
isotope material. It is useful to know the size of these effectspackage on a 64-atom superc@lThe 1136 cri* mode is

If only one nearest-neighbor Si atom 3%Si, and the other predicted® to shift by —=7.1 cm?, in close agreement with
three are’®si, the local vibrational mod&.VM ) will be split  the observed -7.3 cth We recall that the volume change
in the trigonal symmetry; thelESTA code predicts shifts of will give a further small shift of —0.04 cit, Sec. lIl. By
-1.0 cn! for the doublet and 1.9 cthcm for the singlet.  considering®Si atoms in the nearest-neighbor positions rela-
The splitting is sufficiently small that the doublet and singlettive to the O atom, and placinifSi atoms in the six next-
may be represented by a single peak at their weighted meangarest positions, theasp calculations give a shift of only
which is very close to one quarter of the total shift for com-—0.04 cm?; that is, the isotope shift occurs primarily from
plete isotope substitution. We assume thalSi atoms in the  the effect of the nearest neighbor atoms. This is confirmed by
nearest neighbor positions produsdimes the shift of one noting that in"¥Si, the®°Si-1°0-2%Sj configuration occurs at
atom, and that eactiSi atom produces half the shift of2Si  the same energy, within experimental uncertainties, as we
atom. Since our calculations overestimate the shifts, for dind in our all¥°Sj crystal??

comparison with experiment we scale our shifts by a factor The 518 cm' mode, resonant with the lattice vibrations,
of 3.5/4.6. With these simple assumptions and using randoris predicted to involve almost entirely the motion of the
populations of Si isotopes on the four nearest-neighbor siteseighboring Si atoms, and so the observed isotope shift of
to each C atom, we fit the line shape of the carbon LVM.-16.9 cmit is very close to that expected for an all-Si mode,
First, we take the line shape as measured Wit in "Sj,  -18.2 cm™

Fig. 1. The line shape is reproduced when the Lorentzian An A;; symmetric stretch is predicted, but has not been
component curves have full widths at half-height of observed? at 600 cm. We calculate that it will shift by
1.9+0.1 cm?, compared to the measured linewidth of —-19.6 cn1l. If the 1748.8 criit line is a combination of the
2.2+0.1 cm?®; the lattice isotope effect contributes 1136 and 600 cit vibrations, the combination would have a
~0.3 cnTt to the width. The random isotopes leave the linetotal shift of —26.7 criit in the harmonic approximation, in
shape still closely symmetric, and the calculation suggestslose agreement with the measured —27.4%rand provid-
that in 2%Si the peak of the LVM would be about 0.15 ¢t ing confirmation for that assignment.

to higher energy than in th&'Si used here, marginally im-

proving the agreement with theory but close to the experi- N

mental accuracy. C. Interstitial carbon and complexes

We have first fitted the LVM of°C since its energy is Data are gathered in Table | for the measured isotope
well below the strong two-phonon absorption band betweerffects on the interstitial carbon atom;, Ghe interstitial-
600 and 630 ciit, Fig. 1. The LVM of“C in "Si is super-  carbon plus self-interstitial, €Si, the “C3” interstitial-
imposed on the low energy part of the band, Fig. 1, and ircarbon plus interstitial-oxygen, ;@;,, and the “C4”
our sample can be reproduced, just like #i€ line, by a interstitial-carbon  plus interstitial-oxygen and  self-
sum of Lorentzians with the same widths of 2.0+0.1°&m interstitial, G-O;-Si
Moving to *°C in single-isotope°Si places the LVM on the The interstitial carbon atom ;Gs generated by radiation
high-energy part of the two-phonon band, Fig. 1. The widthdamage, when a self-interstitial is captured by a substitu-
is 2.7+0.1 cm?, some 35+20% larger than each Lorentziantional C atom; Gis stable up to room temperature, and so it
component in the Si samples, even though there is now nmay be created by irradiating and storing the sample at
random isotope content. The absorption spectra confirm that< 300 K. It produces two absorption lirfésat 932.3 and
the temperature of the sample wad0 K, and the width of  922.3 cm®. In 3°Si, we observe the lines at 924.4 and
the zero-phonon lines observed at this sample show that thg16.8 cm?; positive identification that they are produced by
increased width is not caused by severe strain in the crystag; comes from the intensity ratio of the lines, and their dis-
One contribution to the linewidth is the broadening producedhppearance from the spectrum on annealing at room tempera-
by the decay of the LVM into two phonons, which dependsture. The frequencies and isotope shifts calculated in Aveiro
partly on the density of two-phonon states at the energy ofising a supercell density functional codeypro,'* agree
the LVM. The density of two-phonon states has been calcuwell with experiment, although the predicted isotope shifts
lated from the one-phonon density of states given by Pavonggree better when transpos€table |). The 305j data com-
et al?® We find that the two-phonon density increases byplete the set of isotope data for this center: Wi doping,
70% between 589 crh in "¥Si and 604 cmt in *°Si. The  the lines are know# to be at 892 and 904 cth showing
increasing number of decay channels may be partly responhat they are predominantly vibrations of C.
sible for the increased linewidth. A defect assignéd to an interstitial-carbon plus a self-
interstitial produces LVM lines at 966.7 and 960.3¢m
There appear to be no other isotope data available for this
center, and we have not calculated its properties.

Lattice isotope effects on interstitial oxygen have been Radiation damage creates the well-known “C3” complex
reported in detail by Katet al?® All our data agree to within  when an interstitial carbon atom is trapped by an interstitial
0.2 cni!. We also report the shift of the 518.3 chiine as  oxygen atont® producing a structure in which the C and O
-16.9 cm? from natural silicon to*°Si. atoms are at opposite corners of an approximately square

Calculations have been made using density functionatomplex, with the other two corners occupied by Si atéms.

B. Interstitial oxygen
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TABLE I. Measured(8 K) and calculated host-isotopic shifts. In this table, carbon refetéoThe column “Si-only” gives the shift if
only Si atoms were involved in the vibration, and the results fromath@itio density functional calculations are given as the “Calculation.”
The values calculated for the COV and ¥enters are by the empirical methods of Sec. IV A and IV B.

Experiment Calculation Si only
nag; g Shift
Center (ecm™ (em™ (ecm™ (ecm™ (ecm™
Cs 607.5 604.0 -3.5 -4.6 -19.3
(o} 518.3 501.4 -16.9 ~-18 -18.2
1136.4 1129.1 -7.3 -7.1 -36.0
1205.7 1197.3 -8.4 -38.2
1748.8 1721.4 -27.4 -26.7 -55.4
G 922.3 916.8 -5.5 -8.3 -29.2
932.3 924.4 -7.9 =57 -29.5
C;- Sj; 966.7 961.8 -5.9 -30.6
960.3 952.4 -7.9 -30.4
C3 529.6 515.4 -14.2 -14.2 -16.8
549.9 532.2 -17.7 -18.5 -17.4
588 569 -19 -17.4 -18.6
742.8 -4.2 -23.5
865.9 857.8 -8.1 -8.1 -27.4
1116.3 1111.5 -4.8 -5.0 -35.4
C4 939.8 933.2 -6.6 -5.3 -29.8
1024.2 1017.5 -6.7 -6.8 -32.5
VO 835.7 829.8 -5.9 -6.4 -26.5
cov 3942.1 3943.6 +1.5 (+3)
V, 2767 2764.2 -2.8 (2.9

Six LVMs are known from experimert and are listed in form of C-O;-H (see Fig. 4 in Ref. 14 with the Sj atom
Table I. This table extends the isotope shifts reported in Reftaking the place of the H atom. In this structure thea®m
7, where only the two LVMs that are easily visible in the is directly bound to C, producing a strong Si-C bond, of
photoluminescence spectrum were given. Table | lists alsgangth 1.84 A, along[ﬂ)l], similar to the~1.88 A nearest-
the frequencies calculated in Aveiro usingMPRO. Again,  npeighbor distance in SiC crystals. THE -120.-2Si com-
the agreement is excellent. Combined with the data obtainegley is predicted to produce at least four local vibrational
from the same optical center by photoluminescerte sili-  modes at 998.4, 908.3, 744.4, and 682.7%tnThe two
con isotope shifts have now been measured for 5 modes @figher frequencies underestimate the 1024.2 and 939:8 cm
this center, with an average agreement between theory anghsorption frequencies by only about 30émThe four
experiment of better than 4%. For completeness, we note thatiodes are mostly localized at the O and C impurities, and
the effects of changing the oxygen and silicon isotopes argepresent, respectively, the asymmetric stretching of the
largely known?5:28.29 Si-O-Siunit, a mode analogous to the high-frequency gf C
With increasing radiation doses, the “C37-©; center a mode analogous to the low frequency mode gfadd a
acts as a nucleation center for capturing self-interstitfals, stretch mode at the SC unit anng[TOl]. Additional modes
forming first the “C4” G-GO;-Si; complex. This center pro- at lower frequencies are also predicted. However, these
duces two known LVM line¥ at 939.8 and 1024.2 cth  should be difficult to detect as they involve the motion of
which we find move to 933.2 and 1017.5 thespectively, strained Si bonds or the symmetric stretch motion of the
in 3%Si; both lines move by —6.6 cth, compared to shifts of Si-O-Si unit. We calculate that the predicted 998.4¢m
—30 cni? if the vibrations were all silicon. We find that in mode shifts by —44.0 and -8.3 cifor %0 and*C substi-
3C-doped natural silicon, the lines move, respectively, totutions, respectively, in fair agreement with the measured
911.2 and 1012.5 cth. For completeness, Murin repoits -41.9 and —11.7 cit, Ref. 24. Under the same conditions,
that on changing front®0 to 80 (with °C and"®Si), the  the 908.3 crit mode shifts downwards by -0.4 and
lines move to 939.2 and 982.3 cinthe first mode predomi- -29.1 cm?, again in agreement with the measured —0.6 and
nantly involves motion of the C atom, and the second pre—28.6 cm® shifts, respectively. Th&’Si shifts are reported
dominantly the O atomAb initio calculations using again the and compared to our measurements in Table |. For these
methods of Ref. 14 have been used to investigate the reactianodes, the calculations give shifts of -6.8 and -5.3%cm
between GO; and a Si self-interstitialSi). The ground providing further support for the assignment of the 1024.2
state of the C4 complex was found to be similar to the Oand 939.8 cimt absorption bands to a; @;-Si; complex.
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D. The vacancy-oxygen “A” center 8

In its neutral charge state, the well-known “A” center, the £ 6
vacancy-oxygen center, produces optical absorption at ©
835.7 cm!. The measured isotope shift is —5.9 ¢min S 4
close agreement with thab initio prediction of —6.4 cm' =y
using AIMPRO at Aveirol* The center is essentially a § 2
Si-O-Si complex with a substitutional oxygen atom dis- 0 , , :
torted along a cube axis. The center hgs §/mmetry, and 3938 3940 3942 3944 3946
the observed infrared-active mode is the fBode. AIMPRO wavenumber em-—1

predicts anA, m(_)de to be almost raeosc')n'ant with the band FIG. 2. Measured absorption produced by the 3942'cero-
states, at 565 cm, and to have a"Si isotope shift of phonon line in &¥Si sample doped with’C is shown by the line
~18.0 cnt, very close to the value for an all-silicon mode. marked with+ points, in"™Si doped with'*C by the asterisks, and
We have no data, since the, Anode has not been observed i 3%sj doped with*?C by x points. For clarity, the spectra have
by infrared absorption and the “A” center is not photolumi- peen displaced vertically.
nescent, nor could we detect the very weak+8;
1370.0 cm* combination modé®

The AIMPRO calculations show that for the;Bnode, 99%
of the shift from "¥Si to 3°Si originates from the two Si
neighbors that are bonded to the oxygen atom. The next lar
est contribution is from the next Si atoms along 140
chain (labeled “b” in Fig. 9 of Ref. 3}, but each of these
atoms only contributes 0.4% to the total shift. Consequently,
an adequate vibrational model for the center is as a nonlinear
symmetric SiO-Si molecule, as used recently to describe  The 3942 cri* vibronic band is generated in silicon by
Ge isotope effects for the vacancy-oxygen center if{3a.  room temperature irradiation at doses sufficient to generate a

dicting the isotope shifts of electronic transitions. We wiill
therefore make use of an empirical method which has been
used for zero-phonon lines of near-bandgap energy. The
Yhethod is outlined in Sec. IV A, where we verify that it can
also be applied to low-energy vibronic bands.

A. The 3942 cni! carbon-oxygen-vacancy center

this model, the vibrational frequency is second generation defect consisting of an interstitial-carbon
] atom and a vacancy trapped at an interstitial-oxygen &fom.

2 _ Mo + (2Mg)sin’ a (1)  The precise structure is not known. However, the optical

B1 MoMg; ’ properties of the center have been reported in detail, includ-

ing the response of the zero-phonon line to strains and the
temperature dependence of its enefgJhere are no known
local vibrational modes at the center. In Fig. 2 we now report
that the"Si to *°Sj isotope shift of the 3942 cth line is

whereMg andMg; are the masses of the O and neighboring
Si atomsk is a force constant, andds the internal angle of
the Si-O-Sichain. The oxygen isotope data shift of

-37 cmi! from 0 to *®0) may be fitted witha=80°, Ref.  _:~ .. . :

. : . L. " soe.  significantly smaller, at +1.5 cih, than any previously mea-
33. quaﬂor(l) then predicts that changing frofrsi to ™Si ured zero-phonon line in silicon, which have all fallen in the
results in a frequency change by a factor of 0.992, compare nge +7 to +14 crit, Refs. 7 and 8.

to the measured 0.993. The effect of changing the isotopes on a zero-phonon line

in silicon have been shown to come mainly from the differ-
IV ELECTRONIC TRANSITIONS ence in 'Fhe vibrational frequencies in the ground and excited
electronic states of the centeThe same effects are also
The mid-infrared absorption of irradiated silicon often responsible for most of the change in energy of the zero-
shows a strong line at 2767 ¢t which is produced by an phonon line with temperature. Usually we expect that the
internal electronic transition at the negative divacatfcy. vibrational modes will be softer in the excited state than in
However, the line is more than an order of magnitude widetthe ground state. The energy of the zero-phonon line then
than is usual for a zero-phonon transition, and we will showtends to higher energy as the effective mass increases, and to
that it has anegativeisotope shift, in contrast to the shifts of lower energy as the temperature increases. This expectation
all the zero-phonon lines reported to d&feA broad line can  has been satisfied by all the zero-phonon lines whose isotope
occur when the transition being detected is not a zeroshifts have so far been measured in siliéén.
phonon line but is a vibronically induced transition. In this  For a quantitative discussion of the isotope effect we need
process, the optical transition from the ground state to amo know the difference in vibrational frequencies in the
excited electronic state is forbidden, but it is made allowed ifground and excited electronic states for all the lattice modes,
a phonon is created which can mix the electronic states of thehich span the range 0 to 525 tTo extract this informa-
center and make the transition allowed. A silver-related cention from the measured temperature dependence of the zero-
ter in silicon is a recently discussed example of thisphonon energy requires data over a sufficient range of tem-
process® Changing the isotope would lower the frequency perature that all the modes of vibration are sampled. It is not
of the phonon, giving a negative isotope shift to thepossible to detect a zero-phonon line in silicon at the high
2767 cm! line. The scientific and technological importance temperatures required—the Raman energy corresponds to
of the divacancy make it worth clarifying the nature of the 700 K, while zero-phonon lines are usually too broad and
optical transition Ab initio theory is of no assistance in pre- too weak to measure above 100 K. However, the indirect
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0.6 ' ' To decide whether the 2767 chiine is an anomalously
7 05 broad zero-phonon line or a phonon-induced transition, we
§ 04 appeal to the scaling procedure used for the 3942 dime.
,§ 0.3 The 2767 crit line weakens and broadens considerably as
€ 02 the temperature increas&snoving by +2 cm? up to 50 K.

8 o1 In this temperature range, the indirect energy gap moves by
0.0 , -15 cnTl. Applying the scaling procedure leads to an esti-
2720 2740 2760 2780 2800 2820 mated isotope shift for the 2767 chline produced by the

wavenumber cm-—1 electron-phonon term of -2.4 ¢th We have no data for the

FIG. 3. Measured absorption produced by the divacancy in £ffect of the volume change on the energy of the line, but in
naigi sample doped with®C is shown by the line marked with  @ll known cases it is smaller than the electron-phonon term.

points, and in @°Si marked byx points. For clarity, thé°Si data ~ (Samar&® has measured the pressure dependence of some
have been displaced vertically and only representative datum poin@ivacancy and vacancy-phosphorus levels, and the isotope-
are shown. volume effect using those values would bet1 cnit). The
similarity of the predicted and measured shifts suggests that
3Fangéhe isotope effect on the 2767 chline can be explained in
terms of its being an electronic transition, rather than involv-
ing a phonon. Since the line has only weak coupling to de-
rmations of the lattice, as shown by its weak phonon side-

energy gap has been measured over the necessary
For zero-phonon lines over 6000 chirelatively close to the

band-gap energywe have established an approximate rule
that the temperature dependence of the indirect energy g

may be scaled to the temperature dependence of the zerB2nd. the linewidth is unlikely to be caused by the local
phonon line, over the range where it can be measured, t nvironmental strains. A linewidth of 16 ¢hcould occur

al = . o ouid
provide the information on the changes in vibrational fre-trough the lifetime broadening o210 s, which is plau-

quency in the excited and ground stateEnis approach is SIPIY longer than a typical vibrational period.
now tested here on this much lower energy zero-phonon line.

Part of the temperature dependence of the energy of the V. SUMMARY
3942 cn? line comes from the lattice expansigactually a ) )
contraction for silicon at low temperatujedRemoving the We have reported on the effects of changing the lattice

contribution from the expansion effect, the difference in vi-iSotope on well-known vibrational absorption lines observed
brational frequencies in the ground and excited electronién Silicon in the mid-infrared spectral range. We find an ex-
states produces a shift of -6 chfrom 0 to 100 K38 only qellent agreement .between the measureq shifts of the vibra-
11% of the magnitude of the change in the indirect energ}]uonal frequencies in the ground .electr0n.|c states of the cen-
gap through the same proce@dg. 2 of Hayamaet al” ).  ters and those predl_cted by density functional theory,_ S_ec. [l
The vibrational term contributes +17 chto the isotope The agreement, which depends on the correct predictions of
shift of the energy gap; taking 11% of this produces an exihe change in effective mass for each mode, strengthens the
pected contribution to the shift of the 3942 dmline of  confidence in present-dab initio theory. _

+1.8 cnTl. Using the deformation potentials for the zero- A simple scaling rule, used to predict the isotope shifts of
phonon 1ine%® the lattice contraction on changing the iso- Z€ro-phonon lines of much higher energy, has been shown to
topes contributes a further +1 chto the shift, giving a total  @Pply to the simple 3942 crth zero-phonon line, Sec. IV A.
predicted shift of +2.8 cfit. While this value is a factor of The rule has been used to explain the unusual isotope shift of
two greater than the experimental value of +1.5%nit is th_e 2767 critt divacancy Iin_e, which, together with its Igrge
very significantly smaller than is typical in silicon, in agree- Width, could suggest the involvement of a phonon in the

ment with experiment. The simple scaling rule applies to thdransition. In Sec. IV B, the isotope shift has been shown to
low energy 3942 citt line. be consistent with the temperature dependence of the energy
of the line, implying that it is indeed a simple zero-phonon
) transition, Sec. IV B. This does then raise the question of
B. The divacancy why it is so wide.
The optical absorption at 2767 ¢t (“0.34 eV” or
“3.6 um” line), produced by the singly negative charge state
of the divacancy, is unexpectedly wide for a zero-phonon
transition, at 16 cmt compared to the typical value of The growth of samples was partly supported by a Grant-
~1 cnt. On isotopic substitution the line moves lmwver  in-Aid for Scientific Research in Priority Area “Semiconduc-
energy, with a shift of -2.8 cm, Fig. 3, in contrast to all the tor Nanospintronics(No. 1407621%” The experimental
previously measured zero-phonon lines with their positivework was supported by EPSRC grants NGR/R10820 and
shifts (Hayamaet al.”® and Sec. IV A. The sign would be No. GR/R24531/0), by EU-INTAS Project No. 0268, and
consistent with a vibration being created in the transitionby a Study Visit to Aarhus University funded by the Royal
For example, an optic mode of 500 chwould have an Society of London. We thank Arne Nylandsted Larsen, Rui
isotope shift of —16 cm, and the effect on the optical tran- Pereira, and Knud Bonde Nielsen for assistance, Pia Bom-
sition would be reduced in magnitude by the typical positiveholm Jensen for sample preparation, and P. Pavone for pro-
shift, ~10 cni?, of the electronic transition. viding a data list of his one-phonon density of states.
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