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Optical properties of a silver-related defect in silicon
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Doping crystalline silicon with silver results in a photoluminescence center with multiplet zero-phonon
structure near 778.9 meV. We show that the published assignments of the vibronic sidebands are wrong, with
severe implications for the relative transition probabilities of the luminescence transitions from the excited
states. At low temperature, most of the luminescence intensity derives from the phonon sideband associated
with a forbiddenzero-phonon line through the phonon-assisted coupling of two of the excited states of the
center. The effective mass of the vibration is determined from isotope effects to be close to the mass of one Ag
atom. Uniaxial stress and magnetic perturbations establish that the current assignment of the electronic struc-
ture of the center is incorrect and that it is best described by a new variant on the “pseudodonor” model. An
electron orbits in an effectivdy environment, with an orbitalriplet as its lowest-energy state, givingja
=3/2 electron state. A tightly bound hole has its orbital angular momentum quenched ®y,tegmmetry of
the center, leaving only spin angular momentwsw (/2). These particles couple to give- 2,1,0 states. Using
this model, the temperature dependence of both the total luminescence intensity and measured radiative decay
time can be understood. These data allow an estimate to be made of the thermally induced transition rate of the
electron from the effective-mass excited states into the conduction band.
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[. INTRODUCTION structure of one center. We will show that it can be described
by using another variant on the bound-exciton model. The
It is well established that the photoluminescence of manyowest-energy states consist of an effective-mass electron in
optical centers in crystalline silicon can be described in termatriply degeneraterbital state and a tightly bound hole. The
of the recombination of an electron and a hole at an electriresponse of the electron to external perturbations is deter-
cally neutral center. Usually, one of these particles is tightlymined by its effectivel 4 environment, while the response of
bound and the other is loosely bound. With increasing temthe hole is that of a nondegenerate orbital state at a center of
perature, the luminescence from the centers is alwaysigonal symmetry. The low-symmetry environment of the
qguenched. However, within this generic model there is conhole quenches its orbital angular momentum, and spin-spin
siderable diversity. The activation energy for the lumines-coupling dominates in the interaction of the electron and
cence quenching may be equal to the binding energy of thbole. We will show that these states interact so as to produce
loosely bound particlée.g., the well-known 1014-meV Cu- a very unusual vibronic structure and that the changes in
related luminescende that of the tightly bound particle luminescence intensity of the band, as functions of both tem-
(e.g., the 968-meV Cu-S centgrthat of the binding energy perature and secondary excitation, can be understood using
of the exciton to the centefe.g., thel2 boron-related the model for the electronic states.
center), or it may equal the binding energy of the free exci- The center, which  produces the 779-meV-
ton (e.g., theW centef). The tightly bound particle may be photoluminescencéPL) system, Fig. 1, has been reported
the electron, with the loosely bound hole maintaining its or-frequently**=*°Isotope doping has confirmed the presence of
bital angular momentum, but being split into a doublet ofAg in the centef? It has been established that the three zero-
nearly equal transition strengthe.g., the 935-meV C-related phonon lines ‘A" at 778.9 meV, “B” at 779.9 meV, and C”
center). Alternatively, the hole may be tightly bound, at 784.4 meV are transitions to the same ground $fdfae
guenching its orbital angular momentum and leading to spinenergies of the transitions estabfitthat they occur at the
triplet, spin-singlet state®.g., theQ Li-related centé) with ~ same center that produces tBg+ 340 meV deep-level tran-
a doublet zero-phonon structure of one almost forbidden linsient spectroscop{DLTS) signal® From the Fano structure
and one allowed transition. The relative strengths of transief the ionization continuum of the center, it was deduced that
tions from these “triplet” and “singlet” states can be pre- the transitions occurred at a deep doHdater refined to be
dicted simply from the effect on the valence-band maxima ofa “pseudodonor’(i.e., an electrically neutral center where an
the field binding the holé.In all these cases the lowest- effective-mass electron can orbit in the Coulomb field of a
energy electron state is aA, state derived from the tightly bound hole.®® The effective-mass electron state, de-
conduction-band minima. rived from the six conduction-band minima, is expected to
Many centers can be produced by doping crystalline silisplitinto A;, E, andT, stategSec. I\) and the excited state
con with silver, as shown by Refs. 8—11 and the work citedof the C line has been ascribed to thg state'>** Splittings
therein. In this paper we examine the multiple-excited statén the transitions assigned to tkeand T, states have led to
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T T tions are presented in Sec. IV. The large splitting of e
under uniaxial stress establishes that the excited state should
be assigned to &, effective-mass orbital state ifiy sym-
metry, rather than the current assignment td\amrbital. We

A 15 K show that the low-symmetry environment of the hole
quenches its orbital angular momentum and spin-spin cou-

;EBJL” B - pling dominates in the interaction of the electron and hole.
Ju The mechanism through which the vibronic sideband is pro-
N duced is presented in Sec. V, and by using isotope data to

A C estimate the effective mass of the vibration, it is shown to be
consistent with the perturbation da@ec. VI). Knowing the
electronic structure, the temperature dependence of both the
total PL intensity and the measured radiative decay time can
LA 42K T be understood, and we make a first estimate of the transition

rate for thermal quenching of a “pseudodonor” in silicon.
(Sec. V). We begin by presenting the experimental method
and preparation of the samples.

F
A j\ JL L6K | Il. SAMPLE PREPARATION
M i AND EXPERIMENTAL METHOD

Luminescence

The center was produced from relatively pure float-zone
silicon, including 1002 cm n type, with an oxygen concen-
tration [0]<10"*cm 2 and carbon[C]~5x 10" cm 3,

L and 100€) cm p type. The material was first gettered to drive
out Cu atoms. It was then HF/HNGCetched, RCA cleaned,
760 770 780 790 and HF dipped before Ag was evaporated on one side. The
slices were heated at 1100-1150 °C for 4—20 h in a quartz
tube in flowing Ar gas, cooled down either in the tube or
quenched to room temperature in water, and the surface was

FIG. 1. The upper three spectra show measured photolumine?:mhed to remove about 7em. Natural and isotopically en-

cence spectra of the 779-meV center in silicon at 1.6, 4.2, and 15 KicChed silver (99.5% '9%Ag and 99_'4%109A9) ‘were used.
Two one-phonon resonance modes, labdiadand F,, are ob- Optlc;al measurements were carried out using a variety of
served. The zero-phonon lieweakens relative t6, andF, on ~ Fourier transform spectrometers and dispersive spectrom-
cooling from 4.2 to 1.6 K. The inset at the top shows an enlargectters, fitted with germanium diode detectors. The lumines-
(and shifted spectrum of theh andF lines at 1.6 K. The marker is  CENCe spectroscopy was carried out using 514-nilasers
1 meV long. The lowest curve shows the luminescence spectrur@perating at constant powers of typically 400 mW. Uniaxial
calculated as in Sec. V and for 4.2 K. The peaks are simulated usingtress measurements were carried out at temperatures from
Lorentzian line shapes with the widths as determined from experi4.2 up to 20 K and with stresses up to 200 MPa. For the
ment and the intensities calculated with the parameters that give théeeman measurements, the magnetic field was varied from 0
best fit to the energy levels. In the calculation, onlyEhemode has  up to 4.5 T. Time-resolved measurements were carried out
been considered. The, mode would be produced by the same using a Tektronic TDS 3032 digital oscilloscope in combina-
process as foF; . tion with a Hamamatsu R5509-72 InP/InGaAs photomulti-
plier tube. For the lifetime data of Sec. VII, transient excita-
the suggestion that the symmetry of the cente®js.'* The  tion was obtained by chopping the laser excitation beam
symmetry has also been assignedTipon the basis of a mechanically at 200 Hz. The system response time was mea-
possible link to the NL42 paramagnetic resonance cénter. sured as 3§:s. For the two-beam experiments, luminescence
The phonon replicas are stated to be phonon sidebands of thi@m the Ag center was excited by a frequency-doubled
A, B, andC zero-phonon line* However, despite the many Nd:YAG laser with pulse lengths of several ns. A free-
publications, there has been no unified description of thelectron laser, giving pulses of 5—7s, was fired with a
optical properties of the center including the observed redelay time of up to 1 ms relative to the Nd:YAG pulses. The
sponses to external perturbations. free-electron laser was tunable in the range 70—170 meV.
We show in this paper that the assignments of the vibronic
sidebands are wrong, with severe implications for the rela-
tive transition probabilities of the luminescence transitions
from the excited states. At low temperature, most of the PL Usually, as the temperature decreases, the zero-phonon
intensity derives from the phonon sideband associated with ne of a band increases in intensity relative to the vibronic
forbiddenzero-phonon lingSec. Ill). The responses of the sideband. Figure 1 shows that between 4.2 and 1.6 K the line
excited states to uniaxial stress and magnetic field perturbak weakens relative to the phonon sideband. Lié evi-

Energy (meV)

Ill. STRUCTURE OF THE LUMINESCENCE BAND
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FIG. 3. The squares show the Zeeman effect measured for the
zero-phonon lineg\ and B, and the diamonds show transitions in-
duced fromF,. Line C, which is not shown, does not shift, as
expected from the model of Sec. IV. The lines are calculated as in
Sec. IV with parameters = —0.46 meV,g,=1.9, andg,=0. The
lines close to the data fdf, have been obtained by downshifting
the fits to the lowest-energy components of line
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FIG. 2. Arrenhius plots of the variation with temperature of the

intensities of lineA relative to F, (triangles, A relative toF, Ig/1,=0.68+0.04, I-/Ig=1.0£0.1,

(squares andC relative toF; (diamond$. Both of the activation

energies for lineA are~0.26 meV, equal to the spectroscopic sepa- Ir/1:=0.032:0.016. (D
ration of A from the “forbidden” line F, and the activation energy

for line C is ~5.8 meV, equal to the spectroscopic splittingFaf The phonon energies of the well-defined sidebaRgs
andC. andF,, measured from the zero-phonon lewg, are, re-

spectivelyiw;=5.8 meV andi w,=14.6 meV. The spectra
dof Fig. 1 show no discernible contributions to the sideband

arising from lineB. LinesA andF are sufficiently close that

their phonon sidebands would not be separately resolved. To

dently not the zero-phonon line of the low-temperature ban
in contrast to the assignments by Refs. 15 and 17. Below 2

a very weak ImeFO_ is resolved at_778.6 mfeV' 025 me\_/ lace an upper limit on the strength of coupling/to the
belowA, as shoyvn in the enlarged inset to Fig. 1. .The ram%.&mev mode, suppose that thetransitions contribute a

of the p.honon S|deband'sl. andF, are temp_erature indepen- fraction f to the phonon sidebanH,, with the remainder
dent, Fig. 1, demonstrating that they derive from the sam rising from Fo. Then the ratio ofl 4/(1—f)l g, should
initial state. Their associated zero-phonon line is establishe bey a Boltzmann ratio with an activation energy equal to
by the data in Fig. 2, where we show the variations Withy,e separation of the lines andF,. Taking account of ex-
temperature of the intensity ratios Afto F; and ofAto Fo.  herimental uncertainties, a maximum of 15% of the transi-
Both ratios follow Arrhennius behavior, with activation en- tion from level A can go to the one-phonon lifg,, so that
ergies, respectively, of 0.260.02 and 0.2& 0.3 meV, equal 5 5 good approximation transitioh does not couple tone

to the energy separations of the zero-phonon IkesdFo.  gyantum of the 5.8-meV mode. The dominant luminescence
The zero-phonon line associated with the sidebahgdand ¢ |ow temperature is therefore associated with an essentially
F, is thereforeF, r_lot 'ghe strongeA. Similarly, the ratio of  ¢5hiqden lineF,. The peak at 767.2 meV, Iabelé@ in Fig.

C to F, has an activation energy of 5:8.9 meV, equal 0 1 s assigned to awo-phononassisted transition of the 5.8-
the spectroscopic splitting ¢, andC (5.7 meV). From the 1o mode and lineA. The mechanism producing these vi-
data in Fig. 2, the intensity ratio of lineS and A extrapo-  p onic effects is presented in Sec. V.

lated to infinite temperature is: /1 ,=21+6, similar to the

value of 28 measured directly from the ratio kpf/1 5 by IV. PERTURBATIONS OF THE ZERO-PHONON LINES
Igbal et al* We also agree with their result thag /I, ' BY MAGNETIC AND STRESS FIELDS
=0.7+0.05.

By extrapolating the measured ratios to infinite tempera- The effects of magnetic fields on the lower-energy lines
ture, the total transition probabilities in the bands F£;  were measured at 4.2 and 20 K by photoluminescéRie
+F5) relative toA, B, andC are 3) and by optical absorption at 4.2 K for the higher-energy
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795  E— I 1 I FIG. 5. The squares show the data for the splittings of the zero-
0 4 8 0 4 8 phonon lines under stress along #®®1), (111), and(110 crystal
directions, measured in luminescence at 4.2 and 20 K. Experimental
Magnetic field (T) data for the transitions induced by the stresses are shown by dia-
. ) monds. The lines are the fits derived from the model described in
FIG. 4. Zeeman ef_fect of the hlg_he_r excited states, labeled agec |\, pashed lines originating near 780.2 meV show the pre-
1s(E+T,) in Ref. 9, with the magnetic field alon®01) and(111) dicted energies of thé=0 state.
directions. The squares are the experimental data, and the lines are
calculated using the spin-orbit parameter —0.46 meV derived  hole is tightly bound? because then its orbital angular mo-
from the fit of the Zeeman effect on the linBsandB (Fig. 3 and  mentum is quenched, leaving only its spin angular momen-
a sping factor gs=1.3. The line at 797.9 meV is assigned to the tum, which responds isotropically to the magnetic field at the
transition from the singlet state, analogous to lie resolution available optically.
The effects of stress are most easily seen for Gn&igs.
transitions near 796 me\Fig. 4). Line C is not affected by 5 and . The line splits undef001) stress at the rate of 79
the field. The effect of uniaxial stresses are shown for thet 2 meV/GPa, similar to the splitting of the conduction-band
lower energy lines in Fig. 5, using luminescence at 4.2 ananinima[92.5 meV/GPgRef. 21], while there is little split-
20 K to enhance these low-energy transitions, and in Fig. &jng under(111) stress. These results confirm the effective-
using absorption measurements to monitor also the highenass nature of the electron. The electron state is derived
energy states. from the six conduction-band minima and so transforms as
The magnetic perturbations are isotropic within measurA,, E, andT, states inT4 symmetry. In a basis set ordered
ing accuracy and so contain no information about the poinasA,, E,, E. andT3, T}, T3, these valley orbit states are
group of the center. This result supports the proposal that thperturbed under stress according to the symmetric nfatrix

—y(5+9) psy pPS. 0 0 0
—Bsy+ y(1-96) Bs. 0 0 0
Bsy+ y(1—9) 0 0 0
C(V3s.—Syp) 0 0 @
—C(sp+V3s,) 0
2Csy

Here 6y is the energy separation of tliestate from theA; where the stress tensor componesjtsre written in terms of
state and 2y is the displacement of thE, state fromE. The  the Cartesian coordinatég =X,y,z of the crystal and com-
termss, ands, are the stress combinations pressive stress is defined to be positive. Hydrostatic stress
terms, which would appear down the diagonal of the matrix,
are omitted(and will be introduced below
Sp=2S;,—Sxx—Syy»  Se=V3(Sx—Syy), An A, state is perturbed only by hydrostatic stresses and
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840 v T T

— — required, it is not split by the magnetic field. The lines near
(001) (111 {110) 796 meV could therefore originate from the same electronic
states as lined, B, andC, with a hole state 16.9 meV higher
than that involved in those lines.

For a more detailed description, it is convenient to write
the 3T, states in the angular momentum form

D= (T2+iTHV2, [0)=T5, [-1)=(T5=iTyIV2.

Energy (meV)

The perturbation caused by the magnetic field is

AH,=ug(g L +9s5)-B. 3

The combined stress and Zeeman perturbation matrix for the
0 200 0 300 0 300 spin triplet states is_ given in the Appendix. The best fit to the
Zeeman data for line& and B gives A =—0.46 meV, gs
=1.9+0.1, andg, =0 (Fig. 3). Transitions induced from line

FIG. 6. The squares show the data for the splittings of the zero!:o’ shown by the diamonds in Fig. 3, are described well by

phonon lines under stress along #981), (111, and(110) crystal simply downshifting the fits to the lowest-energy compo-

directions, measured in absorption at 4.2 K. The lines are the fithr!tS of lineA. The valueg =0 is as_ required for vaI.Ie_y-
derived from the model described in Sec. IV. orbit states. The same scheme also fits the overall splitting of

the lines near 797 meV, with the same parameters
, —0.46 meV andg, =0, but with a slightly reduceds=1.3
by coupling through the ternmss, andps, to theE state, Eq. +0.1, Fig. 4.
(2). The considerable splitting of lin€ under(001) stress To fit the stress data requires the inclusion of the hole
and the linearity of the splitting establishes titatoes not  state, moving in trigonal symmetry, with th€;, point
have anA, state, as is central to existing descriptions of thegroup. To define the notation we consider a particular orien-
excited states of the centérLine C derives from theT,  tation of theC,, optical center with theC; axis parallel to
component of Eq(2). o [111] and with one of the reflection planes perpendicular to
Under stress, the matrix shows that th;estate spl_lts into [1?0]. The hole is perturbed as
two components undefl10 stress and is not split under
(111) stress. Consequently, to obtain the two components
seen in(001) stress, two iN111), and at least three {110
stress, the hole must not be split und@dl) stress and must where thea; are electronic operatofs.Only two parameters
be perturbed into two states K11y stress and by110  A; andA, are required to describe the effect of stresses on
stress. These splittings are only expected for an orbitallthe hole state, corresponding to the effect of each of the
nondegenerate state in a trigonal local symm@tnwhich  operatorsa; anda, of Eq. (4). From an optical transition we
defines the environment of the hole. only measure thelifferencein energy between states. Con-
Having determined the environment of the electron andsequently, we can measure the difference in their perturba-
hole as independent particles, we now need to consider thefions by totally symmetric stresses, but not the absolute per-
interaction. In an isoelectronic model, the ground state of theurbations. We therefore absorb the perturbation by
system is the “vacuum” state with no particles. It therefore hydrostatic stresses of the electron state into that of the hole
has a spin 06=0, and optical transitions are only allowed to state. The best fit to the effect of uniaxial stresses on the
it from the singlet excited states. Lir@is not perturbed by transitionsA, B, andC is shown by the lines in Fig. 5. For
the magnetic fields and so has 8a 0 excited state. It also the singlet states, thE, level is perturbed as in E42). The
has a relatively high transition probabilif£q. (1)]. The ex-  perturbations of the optical transitions have been defined as
cited state of lineC can be conveniently labeletl, inaTy  the difference between the electron energies and the hole
notation. If the spins of the electron and hole can combine t@nergies, and the compressive stress is positive. With these
give S=0, thenS=1 combinations are also expected. Line conventions, the best-fitting values are, witti5% uncer-
splits isotropically into five components in a magnetic fieldtainty, A;=6.5 meV/GPa and\,=3.7 meV/GPa. The one
(Fig. 3). Borrowing atomic physics notation, B state has parameter for the electron state isC=-11.2
orbital angular momentunh=1, which combines withS  +1.5 meV/GPa. This value is very similar to that efll
=1 to giveJ=2, 1, and 0; the]=2 state would split into meV/GPa found at the well-known 789-meV carbon-oxygen
five components in a magnetic field, as does BndJsing a  centef* and is comparable to the free-electron parameter of
spin-orbit couplingHs,=\L-S and assigning the triplet state —15.4 meV/GP&!
to line B predicts thel=0 state 0.3 meV abovB. This state We have noted the close similarity in the zero-field split-
can be observed in luminescence when it is inducedlib) ~ ting and magnetic field perturbations of the multiplet near
uniaxial stresses, Fig. 5. The same splittings are observed {3196 meV and linesA, B, and C. The stress data for these
the 796-meV group of line¢Fig. 4), and here the line as- lines can also be fitted using the same stress parameters as
cribed toJ=0 can be observed at zero field at 797.2 meV. Asfor A, B, andC, Fig. 6. Similarly, the higher-energy multiplet

760 1 | 1 : I L ] L ] I

Uniaxial stress (MPa)

AVy= al(sxx+3yy+ Szz)+a2(syz+ Soxt Sxy)r (4)
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near 820 meV splits with the same shift rates as the corre- d:<¢F|a>|¢F:0. (8)
sponding components of ling (Fig. 6).

The model presented here describes a considerabtehe stateyr; is mixed with ¥a; and gy by the coupling,
amount of perturbation data using an electron state derivegroducing new eigenstateBe,, ¥,,, and¥g,, which lie
from the T, valley-orbit states. The excited state of the linein the space spanned b, , ¥aj, and gy
Fo does not form part of this scheme. We have not been able
to determine the nature of that state since Feline is so
weak. However, we note that titevalley-orbit states may be Wyo= > Fxpitheit 2 ax,;ajt ; by ek (9)
expected to be of a similar energy to the states, and they ' J
could form the electron component of the exciton. The de-The coefficients x i, axp;, andby, may be found from the
generacyge of the tripletE state would then bge=6; its  secular matrix, which has a very simple form. For each state
exact value is not critical in its use below in Sec. VII. X=F, A andB with the same vibrational quantum state

V. ELECTRON-PHONON COUPLING (o Hl ) =EQ+ (2 +P)hiw, p=0,12,..., (10)

The phonon sidebands, and, are associated with a whereH is the Hamiltonian, including the vibronic couplin
forbidden zero-phonon linEy, Sec. Ill. This situation arises ' 9 bling,

when a vibration of the optical center couples the electronic,and EX is the energy of théuncoupled electronic stateX.
state from which transitions are forbidden to one from whichAII the other elements of the mat[|x are zero exceE’t where
optical transitions are allowed. The simplest case is when th&10se pairs of states are coupledd. The effect ofd on
Hamiltonian of the center contains a term that is linear in the¢he electronic part of the Born-Oppenheimer products is de-
displacement of the relevant vibrational mode. The molecufined by Egs.(6) and (7). Since the coupling terndQ is

lar deformation produced by a vibration is expected to perdinear in Q, it only couples vibrational states that differ by
turb the orbital parts of the states rather than their spins and:1 in the quantum number. The coupling therefore has the
so will only couple states of the same spin. The kgs not  form

readily detectable, but magnetic fields induce and shift the

lower-energy components as for lide(Fig. 3), suggesting <‘»[/Fi|aQ|'r//Aj>:<¢F|a|¢A><Xi|Q|Xi+1>
that the excited state d&f, is effectively another quintuplet. B
However, a definite assignment cannot be madE ¢since ho

we do not see a full Zeeman splitting, and so we will allow =1\ 5me V1T 1041

Fo to interact with the excited states of eith&ior B. How-

ever, we can exclude coupling &f, with the spin-singlet [ h

excited state of lineC. The vibrational modes will be repre- ! 2mo \/'_5i,iflv (12)
sented by one effective vibrational mogleith quantum en-

ergy of iw). In the absence of the vibronic coupling, the with corresponding expressions for the couplingygf to
states can be represented by Born-Oppenheimer products ¢f; .

the electronic statespy(r) (X=F,A,B) and the harmonic The eigenvalues and eigenvectors of the secular matrix

vibrational stateg;(Q): can be found numerically. The variable parameters in the
matrix are the differences between the three energies of the
xi= dx(Nxi(Q), (5 electronic state&% without vibronic coupling, the coupling

wherer represents the coordinates of the electr@pis the €1/ VMo between stateB andA, and the coupling,/yma
vibrational coordinate, ané=1,2,... indicates the vibra- PetweenF andB. The measured data are the energies of the

tional state. These states are coupled by an electron-phonggro-phonon statesz.=778.6 meV,E,=778.9 meV, and

termdQ that is linear in the mode displaceme®t whered Eg=779.85meV, the quanturhw (which we set equal to

is an electronic operator. We define the strengths of thestlpe gquantum Qf the mode dw=5.8 meV, since it is seen
interactions as most strongly in the spectraand the relative transition prob-

abilities of lineA to line F; andA to B; we may also set the
_ A _ I transition probability for the zero-phonon lirfg, equal to
C1=(¢ald[de) = (beld| a), ©®  ero. The energy levels of the lowest vibronic states are
- A shown in Fig. 7 as a function of the coupling term
Co=(¢g|d| ) =(de|d| Pg). (6b) e Ail2mae.
Since there are negligible phonon sidebands originating from It is found that a good fit can only be obtained wHeg

zero-phonon line& andB, the effect ofdQ on the stateg, couples predominantly witleither state A or stateB. The
and ¢g themselves is approximately zero: coupling is to the staté since the two-phonon line at 767.2

meV is observable as a result of the vibronic coupling, and
] _ . _ its energy—and also the fact that it can be observed at tem-
($aldlda)={s|d] pe)=0. @ peratures when the zero-phonon liBeis very weak (Fig.
Similarly, we have no evidence for any phonon sidebandd)—implies that it is produced by th& state. A least-squares
occurring through simple relaxation of the sté&eand so fit to the data then gives
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FIG. 8. Photoluminescence spectra recorded from samples
doped with single isotopes of”’Ag or 1°°Ag. The main figure
shows the effects on the one-phonon lirkes Ai, andF,. The
inset shows the effect on the linés B, andC, in agreement with
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i\ Ref. 20.
5

other point defect in silicoA® We have shown that the spec-
tral shape is produced by a vibronic interaction between the
lowest observed state, and the next observed stateCon-
Coupling (meV) firmation of the model would be provided by an independent
assessment af;. From Eq.(12), evaluation ofc, requires
FIG. 7. The energies of the lowest vibronic levels of the e|ec‘knowledge of the effective mag®s of the vibration. This
tronic states, A, andB as a function of the coupling; VA/2mw, information is provided by isotope doping.
calculated withc,/c;=0.06. The phonon energy has been taken as
5.8 meV. The vertical dashed line shows the value of the coupling
that gives the best fit to the energy separations ofA, andB. The
resulting predicted spectrum is shown by the simulated spectrum at Henry et al?® have shown that doping with Ag can result
the bottom of Fig. 1. The ground vibronic states are assumed tgh optical centers formed from accidental impurities. Figure
involve harmonic vibrations of the same 5.8-meV quantum. 8 shows the effect of doping with single isotopes of Ag,
rather than with natural silver, which has an isotopic compo-
sition of 107Ag:10%Ag=52:48. Both the zero-phonon lines
ciWhl2mw=4.2 meV, c,/c,;=0.06, (120  and one-phonon sidebands are observed at higher energy in
109g than in1%’Ag, with the energy separation #fandF
and the energies df, A, andB in the absence of vibronic decreasing by 0.090.01 meV and that oA andF, decreas-
; ; 0_ 0_ ) .
coupling are obtained asg=781.5meV,E,=782.2meV, ing by 0.16:0.1 meV. The zero-phonon shifts could be
andE3=779.7 meV. caused by different lattice strains, but taken together with the
The photoluminescence band shape, calculated Tfor significantly greater one-phonon shifts, the data unambigu-
=4.2 K, is shown in Fig. 1. It is very similar to the measured ously demonstrate the presence of at least one Ag atom in the
spectrum with the exception that the liRg is omitted, since  optical center.
our model uses only one mode. The coupling produces a With natural Ag, the modes that produce the baRdand
strong one-phonon transitioR; associated with the zero- F, have well-defined quanta oE;=5.8meV andE,
phonon lineF,, but one-phonon transitions from bothand  =14.6 meV (Sec. lll). If we assume that the zero-phonon
B are forbidden. The weak coupling between the statard  level F, changes with isotopes in the same way as the
B leads to undetectable two-phonon transitions from Bhe closely adjacent liné, then the fractional changes in phonon
state. The calculation shows that the phonon line at 767.2nergies ardF,;~ —0.012 andAF,~ —0.01 from1%’Ag to
meV (A7) reported as a local mode with energy of 12 nfeV, 1%°Ag. A very simple model of a heavy ion vibrating in a
in fact, is produced by a two-phonon transition involving thelattice shows that the frequency of vibration is approximately
5.8-meV mode and occurs as a consequence of the electromversely proportional to the mass differendeM of the
phonon coupling between statdsand F. heavy(Ag) ion and the host lattic&Si) (Ref. 27); this model
In this section we have seen that the luminescence banglrovides a qualitative understanding of the resonance modes
shape is unusual in that the phonon sidebands are not linkeaf heavy ions in diamoné Applied to 1°/Ag and !%°Ag in
directly to the dominant zero-phonon lines. This type of vi- 2Si, it gives a fractional shift of-0.012, consistent with the
bronic coupling appears to have been reported for only onebserved changes.
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VI. ISOTOPE EFFECTS

235111-7



GORDON DAVIESEt al. PHYSICAL REVIEW B 67, 235111 (2003

The appropriate mass to use in evaluatings therefore 300 . T
that of the Ag atom. Then,

c;=1.1x10 % J/m. (13

. . 200 -
Convertingc, to strain,

c;=bc,=0.2 eV/strain, (14

whereb is the interatomic spacing of the Si crystél.234 100 |-
nm). Strain parameters in silicon are typically of the order of
1 eV/strain, confirming that,; has a sensible order of mag-
nitude. The lineF is induced by stresses applied along the
(111) and(110 directions, but not théd01) direction, Fig. 5. 0 0 2‘0 20 50
This suggests that the shear stresggs s,,+ sy, of Eq. (4)
coupleF, to A. The coupling cannot, in practice, be deter- Temperature (K)
mined from the data in Fig. 3. However, the value of the FIG. 9. The intensitfarbitrary unit$ of the total luminescence
shear parameteh,=3.7 meV/G_Pa Co_rrespon(_ds_to a Str‘rj?mfrom the band as a function of temperature is shown by the tri-
parameter o€4,A,=0.3 eV/strain, again of a similar magni- angles. The temperature dependences of the measured radiative de-
tude toc; . cay times of linesA andB are shown by the squares and crosses,
respectively. The lines are the least-squares fit of Eds.and(16).

Luminescence & Lifetime (us)

VII. THERMAL QUENCHING OF THE LUMINESCENCE . . . -,
creasing population of stat€, from which transitions are

Figure 9 shows, as functions of temperature, the luminesstrongly allowedSec. Ill). The decrease at high temperature
cence intensity integrated across all the bénidngles and  occurs generally for luminescence centers in silicon, Sec. I.
the radiative decay times of linés(squaresandB (crossey We know from Sec. Ill that all the excited states of the center
measured in independent samples. As the temperature ineach thermal equilibrium before the photoluminescence
creases to-35 K, the total intensity increases with the in- transition occurs and so the intensity is expected to follow

_ [(O)[1+Zi(7eg;/ migp)exp(— E; /KT)]
" 1+3(0i/9r)exp(—E; IKT) +(9/9g) Ta€Xp —Eo/KT)

I(T) (19

Here the sums are over all the statesA, B, andC and 1f; is the mean transition probability for the radiative transitions
originating each of thg; degenerate states of the state at an enEfgboveF,. The thermal quenching of the excited states
has an activation enerdy, and an effective degeneracy af/gg) T°? relative to stateF.

The decay times as measured for linfksand B from 4 to 50 K are also shown in Fig. 9. Linés B, and C decay
exponentially with time after a pulse of excitation. Since their excited states are in thermal equilibrium, Sec. lll, their decay
times are equal at each temperature. Corresponding t615)q.the decay timer is given by

1+ 2(760i Ti9r) expl — Ei IKT) + (1 4 /9e) T2 exp( — Eo/KT)
1+3,(g;/gr)exp(— E; /kT)+(g/ge) T2 exp( — E, /KkT)

1 (QF

AT\ (16

TF

Here the termr determines the rate of ionization into the binding energy relative to state, derived indirectly by as-

continuum. suming that the transition at 816 meV involves an effective-
In Egs.(15) and(16), the values oF; are known from the mass electron in a[f state, which can be compargd to the

optical spectra, andz=6, ga=5, gg=3, andgc=1, from  €nergy levels of a dondF.Thg value ofE, has been fixed at

Secs. IV and V. From the measured ratio of the probabilities33-3 MeV- A least-squares fit of Eq4.5) and(16) to all the

of transitionsF, A, andB, Eqg. (1), we know the ratiogg /7 data in Fig. 9 can now be madS with five adJEStable param-
d reima: Telra=(I N:g)=18 and rgl7 eters. Tbe/%/ are determined a§—1020,u§, rc—_6.:_3,u:_s,_g

an BTTA FI7A= UADFTTFGA . B'7A =490 K %2 andr=435, plus the physically insignificant

=(1ags/18ga)=0.9. The thermal-quenching ener@y, is | (g)=g0. variations in the fitting strategy can changeand

best found from the luminescence data. It |s_not sensitive t@ by 50%, while 7. and g appear to be stable ter10%.

the other parameters, and a least-squares fit dfyes33.3  Radiative decay times in the microsecond range are typical

=1 meV. This value is in agreement with the threshold offor centers in silicon with diffuse excited states. From the

photoionization from the excited statEg,=33 meV (Ref. parameters, we haver /1= (gr7c)/(gcme) =0.02+0.01,

29)]. It is also comparable to the value of 41.7 meV for theconfirming the value in Eq(1).
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TABLE |. The effects of stress and magnetic fields ofastate coupled to spin 1.

HeotV 11)[2) 11)[0) 1DI-1) |0)[2) |0)[0) 0)—1) |-D|1) |=1)|0) |-1|-1)
z+27' 1 1
D1 — (X +i V3Cs, (X' +iv’ 0 0 0 0 0
1DID) +A—Cs, ﬁ(x%—ly) ‘Q(x +iy’)
|10y z'+2Cs, 1( +iy) N 1( "+iy") 0 0 0 0
— (X+i — (X' +i
0 7 y 7 y
z'—z 1 )
|D|—1) ~\-Cs, 0 N ‘72()(/+|y/) 0 0 0
|0>‘1> Z_C50 —i(x+iy) \/3(:5E i(X,‘Hy’) 0 0
V2 V2
|0)0) 2Cs, i(X+iy) A i(><’+iy’) 0
V2 V2
1
0)—1) —z—Cs 0 A (X iy’
0 ‘/2( y')
z—7 1 )
|_1>|1> 7)\7(:39 —%(X-Hy) 1/§CSE
|—1)|0) Z'+2Cs 1( +iy)
- - — (X+i
0 5 y
-z-7

We can now clarify why in our fitting procedure we first phonon-coupled to the other electronic states. As a result, the
obtained the quenching energyfrom the luminescence in- vibronic sidebands observed at low temperature derive from
tensity. If there was no quenching, the luminescence wouldhe forbidden zero-phonon lingec. \j. Using an effective
increase and saturate as st&iebecame populated. The mass for the vibrational mode derived from isotope data
quenching therefore has a major effect on the total luminestSec. V), we have shown that the required magnitude of the
cence. In contrast, it has a smaller absolute effect on thelectron-phonon coupling is of a reasonable magnitude. With
lifetime, which is already severely reduced by the relativelythis energy-level scheme, the total luminescence and the ra-
short lifetime of the excited state of lif@ By combining the diative decay time have been fitted over the temperature
data, we can estimate the rate of thermal ionization, whicltange 4-50 K, and it has been shown that the data can give
does not appear to have been presented for any pseudodoraor estimate of the time taken to thermally ionize an electron
in silicon. In Eq.(16) the term (g/rF)T3’2exp(—Ea/kT) rep- from an effective-mass stat&ec. VI). A highly detailed
resents the thermally activated quenching of the luminesphenomenological understanding of the optical properties
cence, which consists of a Boltzmann term and the usuatan therefore be achieved, even though the molecular struc-
preexponential, which is temperature dependent. At 50 K, théure of the core of the center has not been determined.
prefactor has the valuex410' Hz, surprisingly slower than

the frequency € 10*? Hz) of the dominant 5.8-meV phonon.
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a triply degenerate orbital state in effectivelyy symmetry,

and a tightly bound hole, which has its angular momentum

guenched by the local trigonal field of the cent8ec. I\V).

These particles couple through their spin. At a slightly lower

energy than these readily observed states, a state exists fromTable | gives the effect of stress and magnetic fields on a
which optical transitions are strongly forbidden, but which isT, state coupled to a spin of 1. The matrix is ordered as

APPENDIX
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|spiny|orbital), with the orbital parts defined in Sec. Ill. Terms =ugg,B,, X' =uggsBy, ¥’ =usdsBy, z'=upgsB,. Here

in the lower section of the matrix are given by the complexthe components of the field aB, By, andB,, ug is the

conjugates of the corresponding terms in the upper part. Bohr magnetong is the sping factor, and the components
For brevity, in Table |, x=ugg,Byx, Y=unggyBy, 2z of the orbitalg factor areg,, g,, andg,.
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