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Photoluminescence studies of implantation damage centers in 305
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We report photoluminescenaél) studies of implant-damage centers i8i. The X and W
zero-phonon line¢ZPLs) shift by +1.5%5) and +1.275) meV, respectively, betweel'Si and°Si.

Using a simple empirical approach, we calculate the shifts to witt#0%. Local vibrational modes

are identified at theX center and confirmed at th& center, supporting the assignment of these
centers to self-interstitial clusters. All the strong PL lines produced by ion implantation in the sample
have isotope shifts characteristic of ZPLs; they all correspond to independent defect centers, the
majority of which have undetermined structures2@04 American Institute of Physics

[DOI: 10.1063/1.1767965

There is currently considerable interest in the propertie€zochralski-grown 2°Si  with abundances?8Si (0.67%,
of single-isotope silicol? For example, disorder effects, 2°Si (0.59%), and 3°Si (98.74%, giving a mean mass of
present in a silicon crystal of natural isotopic abundances, ar29.98. It contains relatively high concentrations of substitu-
removed in single-isotope material, increasing the thermafional carbon and interstitial oxygérThe sample is lightly
conductivitf and clarifying optical spectr‘?f In the har- doped with boron and has also been found to contain small
monic approximation, changing the lattice isotope changetraces of phosphorus, arsenic, and alumiﬁumpposite
the vibrational frequencies of the lattice and of thefaces of the sample were implanted with 1.5 M&@i* ions
impuritiesf5 and the anharmonicity of the vibrational poten- at room temperature to doses of*i@nd 13° cm? using
tial results in a change in bond IendtBecause the electrons that 2 MV van de Graaff ion accelerator at the Surrey lon
are coupled to the phonons, the electronic band structure Beam Centre.
modified? Recently we have presented the effects of chang-  The PL data were collected using a Bomem DA8 Fourier
ing the lattice isotopes on the electronic states and locakransform spectrometer fitted with a fast-response Ge diode
vibrational modes of point defects generated in silicon bydetector. PL was generated by the 514.5 nm lin& laser
electron radiation damadeln this paper we examine the with an incident power of~300 mW. The spectra reported
effects of changing the lattice isotopes on defects producellere have not been corrected for the wavelength dependence
in silicon by ion implantation. of the spectrometer and detector response. The temperature

lon implantation is an important tool for controlling the of the samples was maintained by an Oxford Instruments
doping of impurities in semiconductor devices. Inevitably, ITC controller with a stability of better than +1 K. Spectra
implantation with energetic ions also introduces radiationwere taken after the samples had been annealed for 30 min at
damage centers into the crystal, many of which are obserweach temperature from 150 to 700°C at 50°C steps in a
able by photoluminescen@eThe evolution of these un- constant flow of argon in a quartz tube.
wanted damage centers with annealing has been studies in Self-ion implantation of silicon followed by annealing to
detail for several decadé;*®but a detailed model of the different temperatures generates a wide range of photolumi-
damage reactions is not yet available, and many of th@escence centergFig. 1). The lines at 1041.25),
atomic-sized defects are not yet identified. We report herd019.475), 970.342), and 950.802) meV in 3°Si are the
high-resolution photoluminescen¢eL) spectra of an isoto- ZPLs of theX (l3), W, G (C,C,, two carbon atoms and F
pically enriched®Si single crystal that has been implanted (carbon-relategdcenters, respectively. In this paper we will
with high-energy*°Si* ions. The isotope-induced changes in focus particularly on th&X andW centers which are believed
energy of the zero-phonon lineZPLs) of the implant- to be intrinsic defect?*3 These centers are commonly ob-
damage centers are reported and are shown to arise predorserved in irradiated, implanted, and neutron bombarbed
nantly from the electron-phonon coupling to the continuumsSi>*2 There is no evidence that any impurities are involved
of lattice modes. We use the isotope effects to identify then the X center. The exact formation process of these centers
local vibrational modegLVMs) of the well-knownX center, is currently unknown, but they are thought to be created
and demonstrate that all the strong sharp lines observed iwhen a migrating self-interstitial is captured by an
the PL spectra originate from ZPLs. interstitial-related defect core. The symmetry of theline

The Si sample used in this work is isotopically enriched,has been identified as trigon]él.

Detailedab initio calculations of the structures of self-

dAuthor to whom correspondence should be addressed; electronic ma||nte{3t't'a| and vacancy clusters have recently been carried
gordon.davies@kcl.ac.uk ou >These calculations have shown that a tetrainterstitial
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TABLE I. Summary of the measured ZPL energies in self-ion implanted and
o~ (a) annealed Si.
=
g . 30g; naig; Measured shift
= H ‘ X-lme\ (£0.05 meVf (20.05 meV) (20.01 meV}
8 al . | Lles 737.0 735.4 16
2700 750 800 80 900 950 1000 1050 7a1.2 ras.a L5
g i (b) I 762.3 760.8 1.5
. . 767.3 766.5 0.8
% T W-line i 856.4 855.4 1.0
5 920.6 919.7 0.9
e 982.6 981.5 1.1
986.7 985.1 1.6
992.5 991.3 1.2
T T y T v T y T 1004.4 1003.4 1.0
940 960 980 1000 1020 1005.3 1004.0 13
Energy (meV) 1019.475) (W line) 1018.205) 1.277)
_ _ _ _ 1024.4 1022.8 1.6
0 e Proliminescence fon C2groufs, (@ il wit
1041.255) (X line) 1039.705) 1.557)

10" cmi? Si* ions and annealed at 250 °C. The spectra were measured at
4.2 K. L is the 62.72) meV LVM of the W line in 3°Si.

center and a tri-interstitial center possess several LVMsI,'ne measured from proton-irradiatédSi. Similar features

whereas no high-frequency LVMs were identified for va- a;fﬁa:js% se_ezn 'Q ﬂlez spzectra dof_i;npéan?éﬁ;j, but they alre
cancy clusters. These finding have led Coomer and ) tcd bY 15), -2.32), an .12) meV, respectively,

co-workerd®15 to deduce that theX and W centers are relative to theX ZPL. These isotope shifts are again in good

interstitial-related rather than vacancy-related centers, and @dreement with VCA predictions if the mode involves only

suggest the tetrainterstitial and tri-interstitial centers as post- € hOSt_ atoms, establishing that they are LVM;_ of ¥e
sible candidates for thi andW centers respectively. center with quanta of 66.2, 67.9, and 69.0 meV'8i. The

A single LVM with 70.002) meV energy, just above the atoms involved in these modes are predominantly Si atoms,
Raman cutoff edge of 65 meV, has been associated with thgH99Sting that thX-center is an intrinsic defect.
W line in "Si. In 39Sj, we observe that this LVM is shifted In *Si the X- andW—ZPLs and shifted by +1'5,5) and
by —2.32) meV relative to thaV ZPL (Fig. 1). This value is  +1-275) meV, respectively, compared to those in natural-
in close agreement with the value expected from the virtualSOtoPe CS Si that has been treated in the same(hatyle ).
crystal approximatiofVCA) if the mode involves only the Part of tht_a shift comes from _the Ia_tt|ce volume change be-
host atom: Afiwyea=fiwna(128.1/29.98-1=-2.22) meV.  Ween 30Sj and "3Si, which is estimated to be\V/V=

; 1/29. : oY s _ a0

No LVMs have previously been assigned to theenter. In ~ ~1-341) X 107" The deformation potentialé= -VdE/dV)
Fig. 2 we see that three weak features at about 974, 972, aifi the X and W lines are known from uniaxial stress

16 as By = ==
971 meV are consistently observed in the PL spectra oKthe meas.urer'nenlﬂs as Ex=2000 meV and=,=-450 meV,
resulting in a contribution to the shifts from the lattice vol-

ume change of onlAEy~-0.26 andAEY,~ +0.06 meV.

The remainder of the shift can be expressed as the sum
over all the changes in the zero-point vibrational energies of
the excited and ground electronic statéé mode of mass
my with quantum# . in the excited electronic state avidy
in the ground electronic state contributésw—%wg)/2 to
the energy of the ZPL. Changing the mass of the moda,to
results in a changedml/rrb—l)(hwe—ﬁwg)lz to the ZPL. It
is convenient to consider first the LVMs. Unfortunately, the
guanta of the LVMs in the excited electronic states are not
known for theX or W centers. In the ground state of the
center, we now know that three LVMs have quanta of 66.2,
67.9, and 69.0 meV if¥Si. We assume that in the excited

T T y v T electronic state these LVMs have quanta 3.5% smaller, as for
940 960 980 1000 1020 1040 1060 the LVMs of the C centet.These LVMs then only contribute
Energy (meV) AE5=+0.11 meV to the isotope shift of thé¢ ZPL. For the
FG. 2. Photolumi o of 1 . ai W line, only one mode with 70 meV energy has so far been
ooy snga dentiied and nothing appears o be known about the excied
with 103 cn? Si* ions and annealed at 450 °C. The LVMs of théne with  State of theW center. Assuming again that this LVM softens
quanta 66.2, 67.9, and 69.0 meV are labefedS,, andS;, respectively. by 3.5% in the excited electronic state, it will only contribute

PL intensity (arb. units)
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AEy,=+0.04 meV to the ZPL isotope shift. Even if there arethan LVMs, which means in practice that they all correspond
several LVMs, the total LVM contribution to the shift will to independent defect centers, the majority of which have
still be a small fraction of the observed shift. completely undetermined structures.

The dominant contribution is from the change in zero-  In summary, we have presented data on the host-isotope
point energy in the continuum of lattice phOﬂOﬂS. In prin- effects on the ZPLs of th¥ andW centers. We have shown
ciple, this term can be determined from the temperature dghat the dominant contribution to the ZPL shifts arises from
pendence of the ZPL energy. However, these data are ndhe eff_ects of the electron-phonon coupling to the continuum
readily available for the majority of the ZPLs, since their pL Of lattice modes. We have shown that thecenters has
is fully quenched at a temperature belev80 K. Therefore, LVMs of quanta 66.2, 67.9, and 69.0 meV'IfiSi, and con-

we have developed an empirical method for predicting theI'rr_ned that thew center has an LVM of 7(_)'0 meV. The
o . : ., existence of these modes supports the assignment of the
electron-phonon contribution to the isotope shift, which

andW centers to self-interstitial clusters.
makes use of the well-known temperature dependence of the

lowest indirect energy gapThis approach assumes that the ~ We gratefully acknowledge Dr. C. Jeynes of the Surrey
strength of the electron-phonon interaction can be estimateldn Beam Centre, UK for his help with sample implantation.
with reasonable accuracy by scaling the temperature depeithe work was supported by the EPSRC, W&rant No.
dence of the ZPL energy to the temperature dependence 6R/R10820 and No. GR/R24531/j0&nd, in part, by a
the lowest indirect energy gap. Clearly, this approach is onlyarant-in-Aid for Sc_lentlfl_c Research in Priority Areas Semi-
valid when the two temperature dependencies have a simil&onductor Nanospintronia&Srant No. 14076215
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