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We report the changes with lattice isotope of the energies of the zero-phonoiles and some of the
local vibrational modesLVMs) of commonly encountered radiation-damage centers in silicon. On changing
from "aS; to 30Sj, ZPLs of the different centers shift by +0.8 to +1.8 meV. The carbon-oxygen “C” center is
taken as the primary example. For this center, the measured changes in the frequencies of the LVMs in the
electronic ground state of the center agree closely with the results of density functional (b&ary We
suggest that the LVM frequencies in the excited state can be obtained from DFT calculations of the positive
charge state. The effect on the ZPL is broken into three parts. The dependence of the ZPL on the isotopically
induced change in the LVMs and in the lattice volume is shown to be small compared to the effects of the
electron-phonon coupling to the continuum of lattice modes. This dominant effect can be found, in principle,
from the temperature dependence of the energy of the ZPL, but data can only be measured over too small a
temperature range. We suggest that an estimate of the isotope effects can be derived by rescaling the appro-
priate data for the indirect energy gap. This simple empirical approach reproduces the measured isotope shifts
of the ZPLs of the “C” and “P” centers withir-10%, of the “I” and “T” centers within~30%, and within a
factor of 2 for the “G” center.
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I. INTRODUCTION readily available for most of the transitions, the notable ex-

There is intense interest in the properties of isotopicallycemionI bﬁing th? Cl-lline which wil bﬁ ustladf as the primaLy
controlled silicont Optical studies have been carried out on€X@mple here. Finally, we need detailed information on the
isotope superlatticésand studies of bulk silicon have in- coupling of the electrons at each defect to the continuum of

cluded the effect of the host isotope on the localized modeLattice vibrations, and this information is not available. Here
of interstitial oxyger? the indirect energy gabthe proper- We use two approaches. One is to exploit the structure of the
ties of excitons bound to shallow donors and accetens, excited states of luminescent centers in silicon, which often

oo consist of one loosely bound char¢gay an electronorbit-
ionization energy of the shallow centérsnd the ground- ing an opposite, highly localized charge hole. For these

state spI_ittinﬁ and isqt_opically induced inhomogeneous line- centers we can use tligositively) charged state of the center
broadening of transitions at shallow centéris. this paper y"ingicate the properties of the excited state of the neutral
we present experimental data on the effect of changing thgenter. The second approach is to proceed empirically using
lattice isotope on the zero-phonon lin@PLs) and the local  the measured temperature dependence of the energy of the
vibrational modes(LVMs) of some of thedeepradiation-  transition, which occurs through the same electron-phonon
induced centers in silicon. For these centers, the results adgupling as that causing the isotope shift. This approach re-
to the values in the literature for the effects of changing theyuires data on the energy of the transition over an appre-
carbon, hydrogen, and oxygen isotopes. A comparison witleiable temperature range so that all the modes of vibration
the results ofab initio calculations shows that the isotope are sampled. In silicon, the luminescence from ZPLs is typi-
effects on LVMs observed in photoluminescen@e the  cally quenched by nonradiative processes at relatively low
ground electronic state of the defeotay be calculated with temperatures, less thar100 K, and absorption measure-
high precision. However, current density functional model-ments are made difficult by the low oscillator strengths of the
ing cannot predict the isotope effects on the electronic trantransitions® In contrast, data are available for the tempera-
sitions of deep defects. To describe these effects, we neetijre dependence of the lowest indirect energy gap of silicon
first, the response of each transition to changes in volumegver a sufficient temperature ranyyéVe show that the
which is known for most of the transitions of interest. Sec-change, with isotope, of the energy gap can be described
ond, we need to know the properties of the LVMs in theaccurately with a simple parametrization of the electron-
ground and excited electronic states; these data are nphonon coupling, plus an explicitly calculated expansion
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term (Sec. lll). To obtain an approximate description of the TO
electron-phonon coupling at deep defects, we note that the
vibronic band shapes of the transitions considered here all
involve coupling to a continuum of acoustic and optic lattice

ZPL(P)

modes. This observation suggests that we can use the tem- szz(:.L(Al) ZPL(B)
perature dependence of the energy of the ZPL to rescale the \s)\

electron-phonon coupling of the energy gap, and hence pre-

dict, with no adjustable parameters, the isotope shift of the

ZPL. 1i%0
Taking the well-known “C” center as the primary ex- ] LO \

ample, we show that the lattice-isotope effects on the LVMs L\L JA \

can be predicted accurately by density functional modeling —

(see Sec. VA We show in Sec. VB that the isotope- 1080 1100

induced shift of the ZPL may be estimated closely by using Energy (meV)

the experimental and theoretical data for the LVMs, the re-

scaled electron-phonon coupling, and the lattice-volume FIG. 1. Photoluminescence from Czochralski-grown isotopi-

change. The analysis shows that the dominant contribution teally enriched®Si. The ZPL region is expanded in the inset. TA,

the isotope shift comes from the coupling of the electronid-o_v and TO Iabel_ the wave-vector conserving phonon sidebands

states to the continuum of lattice phonons in the crystal. ConWhich are predominantly created by the boron. The spectra are not

sequently, although there are insufficient data for a fullcorrected for the spectrometer response.

analysis for other defects, the shifts for other ZPLs may be

predicted approximately from only the temperature depenZPL. However, as noted in Sec. |, it is not possible to make

dence of the ZPI(see Sec. )l However, we emphasize that the measurements over a sufficient range of temperature that

it is not expected to be a universal rule, and for one commomll the relevant phonon states are sampled. We therefore be-

st 1Sz 1S 11

PL intensity (arb. units)

r T v
11'20 1140 1160

center it is valid only within a factor of 2see Sec. VI B gin by considering the lowest indirect energy gap, for which
We begin by describing the experimental arrangementghere are sufficient dafaln the next section we use our PL
(see Sec. )l spectra to find the isotope shift of the energy gap. In Sec.

Il B, the electron-phonon coupling is extracted by fitting the
published temperature-dependence data, and we show that
this coupling then predicts an isotope effect very close to that

The Si sample used in this work was isotopically enrichedobserved.
Czochralski %°Si with abundances?®Si (0.67%, 2°Si
(0.59%, and®°Si (98.74%, giving a mean mass number of
M(30Si)=29.98. The sample contained substitutional carbon
at a concentration q‘_fC]z 107 Cm‘3’ interstitial oxygen at The near band-edge phOtOlUmineSCane spectrum is domi-
[0]=8.8x 10" cmi™3, and substitutional boron dB]=5.5 _nated_ py I.ines associated V\_/ith excitons bqund to shallow
X 10 cmi3, Measurements were made on the sample asmpurities in the as-growri’si sample(see Fig. 1 Boron
grown. It was then irradiated with 1.5 meV electrons to aProduces the ZPL at 11526 meV plus the broader lines
dose of 187 cm 2 at nominal room temperature on a water- &t 1134.4%2), ~1098, and 1096.3@) meV, which are the
cooled copper block, and spectra were taken at stages €Prresponding phonon sidebands with wave-vector conserv-
annealing up to 900°C, when the damage was fully reing transverse-acoustic, longitudinal-optic, and transverse-
moved. optic phonons, respectively. The presence of the 1152)88

All the photoluminescencéPL) data reported here were 1151.41), and 1151.16) meV lines indicates that the
collected with the samples mounted in a strain-free mannegamples also contain phosphor(®, aluminum (Al), and
and either immersed in liquid helium at 4.2 K, or held in aarsenic(As). The energies of the B, P, and Al ZPLs as mea-
helium drip-feed cryostat for variable-temperature measuresured under the same conditions in samples of natural-
ments with a temperature-sensitive diode in close thermapotope Czochralski silicon with similar oxygen concentra-
contact. Temperatures are believed to be accurate to +1 Kions as the’°Si sample are given in Table I. Each ZPL in
Spectra were collected using a Bomem DA8 Fourier trans>°Si is shifted to higher energies compared to those in natural
form spectrometer fitted with a KBr beam splitter and asilicon, "*Si, by 1.943) meV. A suitable sample doped with
North-Coast fast-response Ge diode detector cooled to 77 KAS was not available, but comparison via the standard float-
The PL was generated by the 514.5 nm line of afi laser ~ zone(fz) values listed in Table | indicates the same isotopic

with an output power of~300 mW, about half of which was  shift.
delivered at the sample. It is known that the ionization energies of the phosphorus

donor and the boron acceptor i#'Si are ~0.09 and
~0.04 meV higher in energy than i#'Si.!° The binding
energy E, of the excitons is about 10% of the ionization
The electron-phonon coupling of a defect center can b&nergy(Haynes rulg so that the isotope-induced change in
found from the temperature dependence of the energy of it§, is negligible in the present measurements. Consequently,

Il. EXPERIMENTAL DETAILS

A. Measured isotope effect

Ill. INDIRECT ENERGY GAP
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TABLE |. Measured energies of the ZPLs in photolumines-
cence. The ZPL energies ¢F'Si are measured from C23Sj 0 a)
samples containing0] =9x 10" cm 3, "
2 -50-
Isotopic shift g
30Si(meV) "¥Sj(meV) (meVv) FZ (meV)? E -100-
ZPL(B) 1152.574) 1150.642) 1.934) 1150.73 g.lso- b)
ZPL(P) 1151.882) 1149.9%1) 1.932) 1149.93
ZPL(Al) 1151.41) 1149.482)  1.9510) 1149.57 200 )
ZPL(As) 1151.145) 1149.18 , _ :
0 200 400 600 800
*Reference 35. Temperature (K)

the ChanQE, with isotopic mass, in energy of the photons FIG. 2. Points show representative data for the temperature de-
emitted from the bound excitons equals the change in energgendence of the indirect energy gédgef. 9. Line (a) is the contri-

AE, of the indirect energy gap frof#'Si to 30S; bution from the shift caused by lattice expansion. Liagis the
9 shift termAES", calculated from Eq(7), and scaled so that the total
AEg = +1.94+0.03 meV, (1) shift [line (b)] has a best fit to the datum points.
similar to the value of +1.980.01) meV reported in Ref. 4. a(T)=(3.2791 - exg— 5.88% 10°3(T- 124 ]}

The energy changén meV) normalized to the fractional

change in mass is very similar for SiE;=28AM/M, and
for Ge, AEQZZGAM/I\W.“ The quanta of the wave-vector The contribution of this term to the measured temperature

conserving phonons change according to the virtual crystfiependence of the energy gap is shown in Fig. 2.

approximation, at this level of accuracy, for the TA and TO  The change Eii? energy gap produced by the electron-
phonongt and also for the LO phonon. phonon termAE;™(T) derives from the perturbation of the

zero-phonon states describing the top of the valence band

and the bottom of the conduction band as a result of the

phonon displacements. The effect depends on the mean
We first summarize the mechanism by which the indirectsquare displacemei®?) in each vibrational mode, and for a

gap energyEy4(M, T) changes with isotopic masd and tem-  harmonic oscillator of frequency

peratureT. The change is the sum of two effects

+5.548x 107%T) X 106 K™, (5)

B. Fit to the data

h
%= ——[1+2n(w)], 6
AE(M,T) = AEJ(M,T) + AEG (M, T), 2) @ ZMw[ (@] ©
where n(w)=1/[expfiw/kT)—1] is the phonon occupation
wumber. The electron-phonon term must be integrated over
. : Il the phonon states, defined by their wave vectors and fre-
tion, respectively. The temperature dependence of the ener uencies. The contribution from the different states varies

natcg; _ 1
gap of*Si is known over the range 0800 Krhe highest l[)é)th with the phonon branch and with the frequency within

temperatures ensure that the modes of highest energy al
. o hat branch>16 Nevertheless, we show that a very close ap-
sampled 66 meV=760 K). The shift, in meV, at a tempera proximation to the data is achieved simply by integrating

ture T, in K, is given accurately by the Varshni equafion . _ !
AEg(T):—O.35|'2/(T+430). over all frequencies, fronm=0 to the maximum frequency

whereAE;(M, T) andAEG"(M, T) are the contributions from
the lattice volume change and the electron-phonon intera

The volume term is “m
AES(M,T) =EAV/V, (3) AESF(M,T) = JO dof(w)[1 + 2n(w)], (7
where 5=+1380 meV is the deformation potential for the where f(w)dw determines the contribution from all the
lowest indirect energy gaif;an expansion of the lattic®-  modes of frequencies betweenand w+dw. We can expect
creasedhe energy gap. If the isotope mass is constanflbut that in general phonons of shorter wavelength will produce
increases, the change in volume is greater electron-phonon coupling, and so we repref@nt
T by the density of phonon statggw) of silicont’” multiplied
AVIV = 3J dTa(T), (4) by a frequencyjdependent term. The relaltfcﬁw)ocwpg(w).
0 works well for diamond whep= 1.8 For "@S;j, the change in

energy gap with temperature, after removing the volume ex-
wheree is the coefficient of linear expansion which has beenpansion term, is fitted accurately wit=0.5 (see Fig. 2
tabulated numerically below 300 Ref. 13 and can be fit- From Eq.(6), in the limit T— 0, the electron-phonon con-
ted above 300 K by tribution produces an isotopic change in proportion toNi/

035202-3



HAYAMA et al. PHYSICAL REVIEW B 70, 035202(2004)

3 TABLE Il. Zero-phonon energies of deep centers®i$i and
: b) nats;j,
*g; 7 0Si(meV)  "¥Si(meV)  Measured shiffmeV)
; i P-line  767.9%) 767.1%3) 0.806)
g C-line  790.412) 789.572) 0.843)
& 1 H-line  926.5%5) 925.633) 0.926)
§ ' ' ' a) T-ine  936.882) 935.115) 1.775)
k= % C-line . L F-ine  950.812) 949.8%3) 0.963)
=l I-line 966.735) 964.965) 1.777)
] G-line  970.342) 969.413) 0.933)
V. “C” AND “P” CENTERS
700 750 800 850 900 950 1000 1050 The “C” center, ZPL at 789 meV, has been very well
) investigated by experiments and theory and most of the nec-
Energy (meV) essary data are available. It is created when one interstitial

. e carbon atom migrates to, and is trapped at, one interstitial
FIG. 3. Photoluminescence froom electron-!rradla?t%h (@) be- oxygen aton? resulting in a monoclinic (C,) center’ The
fore and(b) after annealing at 400°C for 30 min, land L, are the tical i fth t in fact cl t0 th f
LVMs of the C-line with quanta 64.0 and 70.6 meV; &d S are optical properties o .e center qre, m. act, close to OS? or
_a tetragonal center, with the major axis along a cube axis of

the LVMs of the G-line with quanta 66.4 and 71.3 meV, respec pL e . o
tively. The sharp absorption lines at about 900 meV are due t&he crystak”The “P” center is a very close analog of the “C

atmospheric absorption. The spectra are not corrected for the speg€Nter: The ZPL has moved slightly to 767 meV, but the
symmetries of the centéfsand the deformation potentials of

the ZPLs are the santé?223and the vibronic sideband and
All the modes of vibration have the same fractional changeIOCaI me‘;Ses. r?re very ?'”?"éf" ﬁs IS theh excnecri]—'fstat.e
with mass. From Eq(7), the shift from™Si to 30Si is Structure= Within uncertainties, the zero-phonon shifts in-
duced by changing the silicon isotope are also the s@ee
Table Il). We therefore concentrate on the “C” center. Infor-
EP 1 28.1 “m _ mation on the LVMs in the ground electronic state is avail-
AE; (M,0) ‘5( V 20.08" 1) fo dof(w) = +2.09 meV. able from midinfrared absorption measuremé&hgnd from
PL measurement&. These vibrational modes may also be
(8) predicted by density functional modelid§Some data on the
LVMs in the excited electronic state have been obtained from
In addition, there is an effect from the isotopically inducedphotoluminescence excitatiotPLE) spectr&’ Since the
volume change as the mass increases. The volume clangelectronic states involved in the “C” transition are orbitally
is AV/V=-1.321) X 10, giving AEQ’(M):—O.lB meV. The nondegenerate, only those modes transforming as the totally
sum of the two isotopically induced shifts is then closely insymmetric representation are strongly observed in the PL and
agreement with the measured value in Eq. PLE spectra.

trometer response.

AE,=AEy +AES"=2.09-0.18=1.91 meV. (9) A. Local vibrational modes
Two strong LVMs are seen with quanta 65.7 and
2.9 meV in"3Sj. In 20Sj their quanta are changed by -1.7
d -2.3 meV, respectively. The shifts expected if the modes
only involved Si atoms would be -2.2 and -2.4 méée
Table Ill). Evidently, the modes predominantly involve Si
atoms, in agreement with the very small shifts on carbon-
IV. DATA FOR RADIATION-INDUCED DEFECTS and oxygen-isotope substitutiéhThe frequencies and their
shifts in3°Si have been calculated for the neutral charge state
After electron irradiation, the PL spectrum of ti€Si  of the “C” center using a supercell density functional code
sample is dominated by the PL bands of the “C” and “G” (aiMPrO). Further details have been reported elsewfere.
centers. Subsequent annealing destroys these bands, creatfg isotope shifts, the secular equation has been solved twice
others. The range of PL defects available is illustrated byusing different masses of the Si atoms in the supercell. The
Fig. 3. The measured isotope shifts fré#8i to 3°Si for the  calculated quanta nearest to the measured 65.7 and 72.9 meV
ZPL are listed in Table II. We will focus particularly on the modes are 67.5 and 73.6 meV, respectively. Their symmetry
“C” center, and data for its local mode quanta are listed inis totally symmetric, as required for their appearance in the
Table 111 vibronic band, and they predominantly involve the motion of

We have shown that a simple parametrization of th
electron-phonon term by a power law allows the temperatur
dependence of the energy gap to be fitted closely, and hen
its isotope dependence to be calculated.
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TABLE Ill. Measured and calculated host-isotopic shifts of the local vibrational madéd ) for the C-center. Measured data are given
from photoluminescencéPL) measurements and mid-infrared absorptigef. 28 (vibrations in the ground electronic statend from
photoluminescence excitatigRLE) (Ref. 27. The LVM frequencies are calculated in the approximation that only Si atoms are involved in
the vibration, and byab initio density functional calculations for the C-center in the neutral charge state. \fakeare from density
functional calculations for the positive charge state of the C center. The final column gives the symmetry of the vibration as calculated, in
the C, point group.

Label Experiments Si-only Ab initio calculation Symmetry
nais;j natsj 30g; Ahw Ahw fhw Ahw hwe
PL PLE PL 305 —nag; 30gj —nag; naig; 30gj—nag; nag;
meV meV meV meV meV meV meV meV
(cm™) (cm™b (cm™) (cm™) (ecm™ (cm™ (cm™) (cm™h
-2.2 67.5 -2.28 66.1 B
(=179 (544.2 (-18.9 (533
L1 65.7 63.6 64.0 -1.7 -2.2 67.5 -1.76 66.3 A
(530 (512 (516 (-14) (-17.5 (545 (-14.2 (535
68.2 -2.2 69.0 -2.29 67.9 B
(550 (=179 (556 (-18.5 (548
L2 72.9 69.8 70.6 -2.3 -2.4 73.6 -2.2 71.5 A
(588 (563 (569 (=19 (=19 (593 (-17.9 (577
92.1 -3.03 94.2 -0.50 92.7 A
(743 (-24.9 (759.9 (-4.2 (748
L3 107.4 -3.50 108.6 -1.0 102.5 A
(866) (-28.0 (876) (-8.0 (827
L4 138.4 -4.5 141 -0.62 1349 A
(1116 (-36.6 (1138 (-5.0 (1088

the silicon atoms near the defect core. The predicted isotopmode in the excited and ground electronic states. This con-
shifts are in close agreement with our measured ds¢@ tribution to the ZPL shift on going from?Si to 3°Si is then
Table IlI). [Note that the assignment of 67.5 to the 65.7 meV 1

mode differs from an earlier assignment ofdta B mode?® AES" =22 (hoy - oy - hoi'+ oy, (10)

This incorrect assignment followed after comparing the cal- 27

culated frequencies with the larg&0-shift (5.2 cn?) asso-

. . i where the sum is over all the modes. In this expression, we
ciated with the measured 529.6 thiine. However, when know eachhw"iat from experiments and density functional

the defect contain&0, a crossover is predicted to occur for calculations, which have been substantiated in Sec. V A.

the two lowest energy modgs. Similarly, the values of all theiwj are known from the

Having established confidence in the calculations for thecalculations. However, experimental values are only avail-

_Io_bziervl?lblﬁ qualntal of d65.'7' and 72'%.?6\]‘/ “nﬁs’ we I.'S.t able for two LVMs in the excited electronic st&eWe note
able lll the calculate St-isotope shifts for the remainingnat the excited state of the “C” center consists of a deep hole
modes given as 67.5, 69.0, 94.2, 108.6, and 141 meV. with an electron orbiting in effective mass staté3he pres-
) ence of the electron in these states is unlikely to affect the
B. “C” zero-phonon line vibrational properties of the core of the center, just as there
The change in energy of the “C” zero-phonon line fromare no vibrational sidebands of the electronic transitions at
naSj to 0Sj is by +0.84+0.03 meV. Some contributions to the P donor. The vibrational properties of the excited state of
the isotope shift of the “C” ZPL can be calculated explicitly. the neutral “C” center are therefore expected to be like those
First, since the rate of change in energy of the “C” lineof the ground state of the positively charged “C” center.
with volume is=<=+900 meV2 with an uncertainty prob- These values have been calculated T8i (see Table II).

ably on the order of 20%, the isotope-induced volume conThe values in®’Si are simply obtained by scalindiw3’

traction changes the “C” line energy byAE{~ =hw2iathwg?/ﬁwgiat. Then Eq.(10) givesAEE" = +0.14 meV.
-0.12+0.02 meV. An alternative method of estimatingEg" is to note that

Second, the LVMs are negligibly populated at low tem-for each mode, the frequency in the ground and excited states
perature, and so make no contribution to the temperaturehanges with isotope in the ratiam /M z0, Wherem is
dependence of the ZPL. However, their zero-point motionthe effective mass of the mode. The ratio is given by the
does contribute to the isotope shift, since the ZPL involveshange in frequency in the ground state when the isotope is
the difference in zero-point energie{%(ﬁwe—ﬁwg), for each  changed, and the frequency change has either been measured
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in PL or is known with confidence from the density func- 9704 emo—e—nn__
tional calculationgsee Table Il). Consequently, the LVMs 9700 "~ a)
induce an isotope shift of the ZPL by T \U\Q
969.6 \\§
1 96924
AEI(_ZM = 52 (\“’m,na{mi,BO_ 1)(ﬁwei - ﬁwgi)a (11) L
I

966.5 b)
966.0 - \S\§

where the sum is over each LVM. For the totally symmetric S oess \
modes,%iwe; can be measured from the vibronic band ob- v 96“"j
served in optical absorption, aridoy; for the same modes g 965.0 T r r .
can be found from the PL spectrum. Wagratral?’ have B 309 o .
shown that both the 65.7 and 72.5 meV modes soften by 2 to % 036.5 e ¢)
3 meV (about —-3.5% in the excited electronic statesee o ) \D\é
Table Ill). On isotope substitution, these modes therefore = 53604 *\\S
move the ZPL by +0.03 and +0.04 meV, respectively. We § ] o
assume, in the absence of other data, that similar shifts occur S 935 . T T Y
from the two low-energy B modeéTable Ill). The high- g- 795.6 P
frequency A modes are predominantly C- and O-related. As- 5 7052 \5\D d)
suming the same -3.5% change betwegrand g for each N o ™~
of these modes, E@11) predicts that each will give an iso- 7481 g\}
tope shift to the ZPL of +0.01 to +0.02 meV. The total con- 794.4 7 \\§
tribution from the 7 LVMs listed in Table Il isAEEY ~ 794.0 4 : , . ,
+0.18 meV, in close agreement with our previous estimate. 790.4 s

; LM A s
We will use the meamnAE:" ~ +0.16+0.02 meV. 2000 ] el e)

Finally, the “C” vibronic band consists of the broad spec-
trum of the lattice modes, as well as the LVNISg. 3). We
will assume that the coupling of the electrons to the lattice
phonons is very similar to that of the indirect energy gap. , . . .
Then, we can take the measured data for the temperature 0 20 40 60 80
dependence of the energy of the “C” line, remove the lattice
expansion contribution, and scale the remainder to the
electron-phonon coupling term in the indirect energy gap. FIG. 4. Temperature dependence(afthe “G” line, (b) the “I”
The “C” line has a very low oscillator stren@tf making line (c) the “T” line, (d) the “C” line (from an excited state of the
absorption measurements difficult, and in PL it is thermally“C” centen, and(e) the “C” line. All data are measured usiigSi.
quenched, restricting measurementJ t080 K .23 The mea-

789.6
789.2
788.8 -

Temperature (K)

sured shift between 0 and 80 K is -1.52+0.08 ns¥e Fig. VI. OTHER CENTERS

4). In this temperature range, the crystal is contracting with

increasing temperature, giving a shift of —0.04 meV. The A.“I"and “T" centers

electron-phonon  coupling therefore produces a shift The “T” center (ZPL at 935.1 meY and “I” center

of -1.48+0.08 meV, compared to —-4.3 meV for the (965.0 meV are produced when electron-irradiated silicon is
energy gap at the sam& The contribution from the annealed at~450°C. From studies of isotopically doped
electron-phonon term to the isotope shift is then asjlicon, the “T” center has been shown to contgn least
fraction ~1.52/4.3 of that for the indirect gap, giving two inequivalent carbon atoms and one hydrogen afom.
a lattice-mode contribution for the “C” line of Similarly, the “I” center shows evidence for two inequivalent
AEE"=+0.72£0.04 meV. The total predicted shift is then C atoms and one hydrogen atom, and oxygen is also possibly
AEL+AEM+AEEP=+0.76+£0.05 meV compared to the implicated since the center has only been detected in oxygen-
measured +0.84+0.03 meV. There is agreement within theich silicon! A close parallel has been drawn between the
uncertainties, and a difference of about 10% in the centralwo centers’! the ZPL energies is similar, the LVM quanta
values. are identical within 2%, and the effect of stress and magnetic
We have shown that for the “C” line, the dominant con- fields on the ZPLs is simila¥-3?Both centers have £ sym-
tribution to the isotope shift comes from the electron-phonormetry and in both cases the centers have a primary axis close
interaction. The size of the interaction can be scaled from théo (001). The excited states of both centers consist of a
temperature dependence of the indirect energy gap. The efightly bound electron and a shallow hole. The excited state
fects of the LVMs and the volume change are relativelystructure, and the response to stress and magnetic field per-
small. The very close similarity of the “P” center to the “C” turbations, can be modeled by assuming that the hole is in a
center(see Sec. Yresults in an equally good fit to the mea- weakly bound valence-band state, and that it orbits the center
sured isotope shift. in an axial field equivalent to an internal stress along the
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TABLE IV. Measured and calculated host-isotopic shifts of LVMs for the “G” center. Measured data are
given from photoluminescenc@’l) measurements and absorptidRef. 349. The LVM frequencies are
calculated in the virtual crystal approximation and would be valid if only Si atoms were involved in the
vibration, and byab initio density functional calculations for the “G” center in the neutral charge state. The
final column gives the symmetry of the vibration as calculated in thepGint group.

Label Experiments Si-only  Ab initio calculation Symmetry
natgj natgj 305 Ao Ao ho Ao
PL abs PL  30gj-nagj  30gj_nag; naig; 30gj—nalg;
meV meV meV meV meV meV meV
(em?)  (em™®)  (emh)  (cm (cm™) (cm™) (cm™)
S1 67.4 66.4 -0.9 -2.2 68.15 -0.87 A
(544) (536) (-7.0 (-18) (549.7) (-7.0
-2.2 68.19 -0.84 B
(-18 (550.0 (-6.9
S2 71.9 70.2 71.3 -0.6 -2.3 71.96 -0.62 A
(580  (566) (575 (-5.0) (-19 (580.4) (-5.0
-2.5 79.53 -0.61 B
(-20) (641.5 (-4.9
-2.9 89.68 -0.51 A
(=23 (723.9 (-4.1)
-3.3 104.25 -0.87 A

(=27 (840.9 (=7.0

{001y axis of 85 MPa for ¥ and 75 MPa for “T"(calculated compared to the measured value of 1.77+0.07 meV.
using the data of Ref. 32The same data give the deforma-
tion potentials asZ,=120 meV andE;=-1200 meV, and
again we will assume a 20% uncertainty.

There appear to be no published data for the temperature The “G” center, with its zero-phonon line at 969.45 meV,
dependence of the lines: The shifts up to 60 K areis one of the structural formghe “B” form) adopted by an
-1.1+0.15 meV(see Fig. 4 There is a negligible contribu- interstitial carbon atom and a substitutional carbon atdm.
tion from the thermal expansion, which is onW/V=-7 contrast to all the other centers discussed here, there is no
X 1076, At 60 K, the electron-phonon part of the shift for the evidence that the excited state of the optical transition in-
energy gap is —2.54 meV. The isotope effect therefore scaleglves a loosely bound particle. We cannot, therefore, calcu-
as 1.1/2.54 of the electron-phonon contribution to the isolate the frequencies of the excited state using a charged state.
tope shift of the energy gap, giving shifts of The deformation potential of the “G” ZPL ifE=
+0.91+0.13 meV for both “T” and “I” centers. The volume +800+200 meV(Ref. 39 and so the shift of the “G” line
change caused by the change in isotope shifts the T-line bjjom the isotopically induced volume change is
+0.16+0.03 meV. The LVMs of the “T” center have been —0.11+0.03 meV. Table IV shows the measured host-
listed by Safonovet al3® as measured in luminescence. isotopic shifts of the 67.4 me\544 cmi?) and 71.9 meV
There are no data for the LVMs in the excited state, and s¢580 cm?) LVMs of the “G” line, together with the LVM
we assume that the modes soften by 3.5% as for the C-lindrequencies calculatedb initio for the neutral ground state
We find that the modé&8 L2 (65.9 me\j and L3(70.4 meV) “B-form” “G” center. We see that these modes are only
change in energy by half the values expected if the effectivaveakly affected by the host isotopes and that these effects
mass was entirely that of silicon, and assuming that ratic@re considerably weaker than those measured previously for
applies to all the LVMs, they contribute0.22+0.05 meV to the carbon isotop& Hence, all the modes are largely local-
the ZPL isotope shift. The sum of the effects for the “T” line ized on the C atoms and there are no stress induced modes,
gives a predicted shift of~1.3+0.2 meV, the central value like those found in the “C” center. The excellent agreement
being 25% different from the measured 1.77+0.05 meV. between the measured and calculated host-isotope shifts

For the “I” line, LVM values for the ground state are gives us further confidence in the current model of the “G”
listed in Ref. 31 and are similar to those of the “T” center.center. There are only data for one LVM in the excited elec-
The measured temperature dependence of the ZPL isonic state, the 71.9 meV mode, which is reduced by mode
-1.25+0.2 meV to 60 K(see Fig. 4 The measured defor- softening to 70.2 meV* a change of —2.4%. Assuming that
mation potential for the “I” line is essentially zefd,but  all the LVMs change by between this amount and the —3.5%
since it enters in two opposing ways in the calculation, theobserved at the C center, the contribution to the isotope shift
predicted isotope shift for the “I” line is again 1.3+0.2 meV, is ~+0.07+0.01 meV. To calculate the contribution due to

B. “G” center
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coupling with the continuum of lattice phonons, we againthe changes in energy of the ZPLs of the centers. The con-
use the measured temperature dependence of the zeroibution from the change with isotope of the lattice volume
phonon line, of -1.0£0.1 meV to 80 Ksee Fig. 4. The has been calculated explicitly. The effect of the LVMs has
thermal change in the lattice contributes —0.04+0.01 meVpeen estimated by combining experimental data and density
and scaling the difference-0.96+0.1 meV to the energy functional theory. Both of these contributions have been
gap gives an isotope contribution of +0.3+0.05 meV. Theshown to be small, for the centers discussed here, compared
total predicted shift is ther-0.5+£0.05 meV, about half of to the effect of the coupling of the electronic states to the
the measured value. The simple rescaling rule is clearly natontinuum of lattice modes. To calculate this dominant effect
universal. We have noted that the LVMs are more dependerwe have used the temperature dependence of the zero-
on the impurity atoms than the LVMs of the “C” center. We phonon energy, and since this dependence cannot be mea-
also note that the shape of the temperature-dependence phktred over a sufficiently large temperature range, we have
(see Fig. 4 is different from those of the other lines, with rescaled the appropriate data for the indirect energy gap. We
proportionally less change in energy up to 30 K. Despite théhave shown that for the “C” and “P” centers the rescaling
similar vibronic bandshapes of the “C” and “G” centers, produces the correct isotope shift withinl0%, and for the
there are evidently significant differences in their electron-“T” and “I” centers it is correct within 30%. However, such
phonon coupling. a simple approach cannot be expected to apply to all centers,
and for the “G” center the result is only correct within a
factor of 2. The work is another demonstration of the need to
Vil. SUMMARY be able to model the excited states of defects in materials.

We have reported some of the effects of changing the
silicon isotopes on the commonly observed centers in irradi-
ated silicon. For the centers discussed here, we now have The work in London was supported by EPSRC Grant
some knowledge of the effects of changing the silicon, carNos. GR/R10820 and GR/R24531/01, and in Keio it was
bon, hydrogen, and oxygen isotopes. Where experimentgartly supported by a Grant-in-Aid for Scientific Research in
and density functional theoretical data exist, they are in goodriority Area “Semiconductor Nanospintronics(No.
agreement for the changes in the frequencies of the LVMs i14076215.” J.T. thanks the K.C. Wong Foundation and the
the electronic ground states of the centers. We have reportathina Scholarship Council for financial support.
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