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Chapterr 3 

Opticall  Properties of a 
Silver-Relatedd Defect in Silicon 

DopingDoping crystalline silicon with silver results in a phototuminescence center with 

multipletmultiplet no-phonon structure near 778.9 meV. We show that the published as-

signmentssignments of the vibronic sidebands are wrong, with severe implications for the 

relativerelative transition probabilities of the luminescence transitions from the excited 

states.states. At low temperature, most of the luminescence intensity derives from the 

phononphonon sideband associated with a forbidden no-phonon line through the phonon-

assistedassisted coupling of two of the excited states of the center. The effective mass of the 

vibrationvibration is determined from isotope effects to be close to the. mass of one Ag atom. 

UniaxialUniaxial stress and magnetic perturbations establish that the current assignment 

ofof the electronic structure of the center is incorrect and that it is best described by 

aa new variant on the "pseudodonor" model. An electron orbits in an effective Tj 

environment,environment, with an orbital triplet as its lowest-energy state, giving a j = 3/2 

electronelectron state. A tightly bound hole has its orbital angular momentum quenched by 

thethe Civ symmetry of the center, leaving only spin angular momentum (s = 1/2). 

TheseThese particles couple to give .7 = 2.1.0 states. Using this model, the temperature 

dependencedependence of both the total luminescence intensity and measured radiative decay 

timetime can be understood. These data allow an estimate to be made of the thermally 

inducedinduced transition rate of the electron from the effective-mass excited states into 

thethe conduction band. 

3.11 Introduction 

Itt is well established that the photolumineseence (PL) of many optical centers 

inn crystalline silicon can be described in terms of the recombination of an elec-

tronn and a hole at an electrically neutral center. Usually, one of these particles is 

13 3 
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tightlyy bound and the other is loosely bound. With increasing temperature, the 

luminescencee from the centers is always quenched. However, within this generic 

modell  there is considerable diversity. The activation energy for the luminescence 

quenchingg may be equal to the binding energy of the loosely bound particle (e.g.. 

thee well-knowm 1014-meV Cu-relatcd luminescence [9]). that of the tightly bound 

particlee (e.g.. the 968-meV Cu-S center [10]). that of the binding energy of the 

excitonn to the center (e.g.. the I2 boron-related center [11]). or it may equal the 

bindingg energy of the free exciton (e.g.. the W center [4]). The tightly bound parti-

clee may be the electron, with the loosely bound hole maintaining its orbital angular 

momentum,, but being split into a doublet of nearly equal transition strengths (e.g.. 

thee 935-meV C-related center [12]). Alternatively, the hole may be tightly bound, 

quenchingg its orbital angular momentum and leading to spin-triplet, spin-singlet 

statess (e.g.. the Q Li-related center [13]) with a doublet no-phonon structure of 

onee almost forbidden line and one allowed transition. The relative strengths of 

transitionss from these "triplet" and "singlet" states can be predicted simply from 

thee effect on the valence-band maxima of the field binding the hole [14]. In all these 

casess the lowest-energy electron state is an A]_ state derived from the conduction-

bandd minima. 

Manyy centers can be produced by doping crystalline silicon with silver, as 

shownn by Refs. [15-24] and the work cited therein. Electrical properties of silver 

inn silicon were extensively studied and a number of Ag-related deep levels have 

beenn reported [15.16]. In a deep level transient spectroscopy (DLTS) study, Baber 

etet al. [17] reported that silver creates an acceptor at . — 0.54 eV and a donor level 

att £"„+0.34 eV. From the Fano structure of the ionization continuum of the center, 

itt was deduced that the transitions occurred at a deep donor [21]. later refined to 

bee a "pseudodonor" (i.e.. an electrically neutral center where an effective-mass 

electronn can orbit in the Coulomb field of a tightly bound hole) [24]. Silver-doped 

siliconn was also thoroughly studied by electron paramagnetic resonance (EPR): 

followingg analysis of the EPR spectra, microscopic models of several Ag-related 

centerss were proposed [18,20]. 

Thee PL of silver-doped silicon has been investigated [21 31]. It has been found 

thatt silver doping of silicon crystals results in generation of a characteristic low-

temperaturee emission spectrum at 780 meV [22,25,26]. In the PL spectrum narrow 

no-phononn lines (termed A, £?, and C) and lower energy phonon replicas have 

beenn distinguished. The observed structure was identified as transitions from the 

effective-mass-likee electronic states near the conduction band to the ground state. 

Att temperatures below 8 K, the spectrum was dominated by two no-phonon lines 

AA and B with energies of 778.91 and 779.85 meV. respectively [26]. Both lines 

producedd phonon replicas with local phonon energies of approximately 6 and 15 
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meV.. At energies of 20.7 and 33.1 meV below the A line, two broad features were 

observedd and assigned to the transverse-acoustic (TA) and longitudinal-acoustic 

(LA )) silicon phonon replicas, respectively. At higher temperatures a third no-

phononn line C\ appeared at 784.31 meV. The intensity of this line rapidly increases 

withh temperature while the intensities of the A and B lines decrease and the 

AA — B — C system thermalizes [25]. At temperatures higher than 20 K some local 

phononn replicas of the C line were also observed. 

Inn this Chapter we examine the multiple-excited state structure of one center. 

Wee wil l show that it can be described by using another variant on the bound-

excitonn model. The lowest-energy states consist of an effective-mass electron in 

aa triply degenerate orbital state and a tightly bound hole. The response of the 

electronn to external perturbations is determined by its effective T(i environment, 

whilee the response of the hole is that of a nondegenerate orbital state at a center 

off  trigonal symmetry. The low-symmetry environment of the hole quenches its 

orbitall  angular momentum, and spin-spin coupling dominates in the interaction 

off  the electron and hole. We wil l show that these states interact, so as to produce 

aa very unusual vibronic structure and that the changes in luminescence intensity 

off  the band, as functions of both temperature and secondary excitation, can be 

understoodd using the model for the electronic states. 

Att low temperature, most of the PL intensity derives from the phonon sideband 

associatedd with a forbidden no-phonon line (Sec. 3.3). The responses of the excited 

statess to uniaxial stress and magnetic field perturbations are presented in Sec. 

3.5.. The large splitting of line C under uniaxial stress establishes that the excited 

statee should be assigned to a T2 effective-mass orbital state in Tj symmetry, rather 

thann the current assignment to an AY orbital. We show that the low-symmetry 

environmentt of the hole quenches its orbital angular momentum and spin-spin 

couplingg dominates in the interaction of the electron and hole. The mechanism 

throughh which the vibronic sideband is produced is presented in Sec. 3.6, and by 

usingg isotope data to estimate the effective mass of the vibration, it is shown to 

bee consistent with the perturbation data. Knowing the electronic structure, the 

temperaturee dependence of both the total PL intensity and the measured radiative 

decayy time can be understood, and we make a first estimate of the transition rate 

forr thermal quenching of a "pseudodonor" in silicon (Sec. 3.7). We begin by 

presentingg the experimental method and preparation of the samples. 

3.22 Experimental details 

Silver-dopedd silicon samples for the present study were prepared from 75-125 f}cm 

p-typee float-zone silicon by diffusion. Thin silver layers were evaporated on both 
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sidess of the silicon samples. The diffusion was performed for 4h at 1150 °C in a 

closedd quartz ampoule containing 100 mhar of argon. Following the diffusion step, 

thee samples were quenched to room temperature by dropping the whole ampoule 

inn water. After diffusion, the surface layers were etched to remove about 70 /un in 

aa mixture of HF and HXO; i (1:3). For the diffusion, both natural and isotopically 

enrichedd silver (99.5 VA and 99.4 VA of  107Ag and I09Ag isotopes, respectively) was 

used. . 

Thee PL experiments were performed with a variable temperature continuous-

floww cryostat accessing the 1.5 — 300 K range (Oxford Instruments Optistat CF). 

Thee sample's were excited using a cw argon-ion laser operating at 514.5 nm. Al l 

spectraa were obtained with a 1.5 m F/12 monochromator (Jobin-Yvon THR-1500) 

andd detected by a high-sensitivity germanium detector (Edinburgh Instruments). 

Uniaxiall  stress measurements were carried out at temperatures from 4.2 up to 20 

KK and with stresses up to 200 MPa. For the Zeeman measurements, the magnetic 

fieldd was varied from 0 up to 4.5 T. 

Time-resolvedd measurements were carried out using a Tektronic TDS 3000 digi-

tall  oscilloscope in combination with a Hamamatsu R5509-72 InP/InGaAs nitrogen-

cooledd photomultiplier tube. For the lifetime data of Sec. 3.7. transient excitation 

wass achieved by using a pinhole and chopping the laser excitation beam mechani-

callyy at 200 Hz. The system response time was measured as 35 ŷ /s. 

3.33 Structure of the luminescence band 

Usually,, as the temperature decreases, the no-phonon line of a band increases in 

intensityy relative to the vibronic sideband. Figure 3.1 shows that between 25 and 

1.66 K the line A weakens relative to the phonon sideband. Line A is evidently not 

thee no-phonon line of the low-temperature band, in contrast to the assignments 

byy Refs. [26.28]. Below 2 K a very weak line F0 is resolved at 778.6 meV. 0.25 

ineVV below A. as shown in the enlarged inset to Fig. 3.1. The ratios of the 

phononn sidebands F\ and F2 are temperature independent. Fig. 3.1. demonstrating 

thatt they derive from the same initial state. Their associated no-phonon line is 

establishedd by the data in Fig. 3.2. where we show the variations with temperature 

off  the intensity ratios of A to F\ and of A to F2. Both ratios follow Arrhennius 

behavior,, with activation energies, respectively, of 0.26 2 and 0.26 3 meV. 

equall  to the energy separations of the no-phonon lines A and F0. The no-phonon 

linee associated with the sidebands F\ and F2 is therefore F0, not the stronger 

A.A. Similarly, the ratio of C to F\ has an activation energy of 9 meV. 

equall  to the spectroscopic splitting of FQ and C (5.7 meV). From the data in Fig. 

3.2.. the intensity ratio of lines C and A extrapolated to infinite temperature is 
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IC/IAIC/IA — 21  6, similar to the value of 28 measured directly from the ratio of 

IC/IAIC/IA by Iqbal et al [25]. We also agree with their result that IB/I.A = 0.7  0.05. 
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Figuree 3.1: The upper jour spectra show PL spectra of the 779-meV center in 

siliconsilicon measured at 1.6, 4.2, 15, and 25 K. Two one-phonon resonance modes, 

labeledlabeled Fx and F2 . are observed. The no-phonon line A weakens relative to Fi 

andand F2 on cooling from 4-2 to 1.6 K. The inset at the top shows an enlarged (and 

shifted)shifted) spectrum of the A and F0 lines at 1.6 K. The marker is 1 meV long. 

TheThe lowest curve shows the luminescence spectrum calculated as in Sec. 3.6 and 

forfor 4-2 K. The peaks are simulated using Lorentzian line shapes with the widths 

asas determined from experiment and the intensities calculated with the parameters 

thatthat give the best fit to the energy levels. In the calculation, only the F\ mode has 

beenbeen considered. The F2 mode would be produced by the same process as for F\. 

Byy extrapolating the measured ratios to infinite temperature, the total transi-

tionn probabilities in the F bands (Fi + F2) relative to A, B, and C are 

llFFjIjI AA = 0.68  0.04, IF/IB = 1.0 , IF/IC = 0.032  0.016. (3.1) ) 
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Figuree 3.2: Arrhenius plots of the thermal variation of the intensities of line A rel-

ativeative to Fi (triangles), A relative to F-i (squares), and C relative to F\ (diamonds). 

TheThe activation energy for line A are ^0.26 meV, equal to the spectroscopic sepa-

rationration of A from the 'forbidden" line F0. The activation energy for line C is ~5.8 

meV.meV. equal to the spectroscopic splitting of F0 and C. 

Thee phonon energies of the well-defined sidebands F\ and F2, measured from 

thee no-phonon level FQ, are, respectively, h\o\ = 5.8 meV and tk02 = 14.6 meV. The 

spectraa of Fig. 3.1 show no discernible contributions to the sideband arising from 

linee B. Lines A and F0 are sufficiently close that their phonon sidebands would 

nott be separately resolved. To place an upper limi t on the strength of coupling of 

AA to the 5.8-meV mode, let us suppose that the A transitions contribute a fraction 

ƒƒ to the phonon sideband Fl 5 with the remainder arising from FQ- Then the ratio 

off  / .4/(l  — Ï)IF\ should obey a Boltzmann ratio with an activation energy equal to 

thee separation of the lines A and F0. Taking account of experimentall  uncertainties, 

aa maximum of 15% of the transition from level A can go to the one-phonon line 

F\F\,, so that to a good approximation transition A does not couple to one quantum 

off  the 5.8-meV mode. The dominant luminescence at low temperature is therefore 

associatedd with an essentially forbidden line F0. The peak at 767.2 meV, labeled 

/4jj  in Fig. 3.1, is assigned to a two-phonon assisted transition of the 5.8-meV 
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Figuree 3.3: PL spectra recorded from samples doped with single isotopes ofW7Ag or 
1099 Ag. The main figure shows the effects on the lines A, B, and C in silicon doped 

withwith isotopically enriched silver (upper curves) and natural silver (lower curve). 

TheThe inset shows the effect on the one-phonon lines F\ , A\ , and F2. 

modee and line A. The mechanism producing these vibronic effects is presented in 

Sec.. 3.6. 

3.44 Isotope effects 

Figuree 3.3 compares the high-resolution PL spectra of the 780-meV band recorded 

forr three samples: doped with silver isotope 107Ag, silver isotope 109Ag and natural 

silverr (52% 107Ag + 48% 109Ag). While all three spectra show a similar A -

BB — C structure, the linewidth for samples doped with a single silver isotope 

iss smaller and the position of lines is shifted by ~-0.017 meV for I07Ag-doped 

siliconn and by ~ + 0.017 meV for 109Ag-doped silicon. Also related shifts of the 

phononn satellites were observed. We note that the A — B — C lines in the sample 

containingg natural silver are somewhat broader than those observed for 107Ag 

orr 109Ag doping. The temperature dependence of the A — B — C lines in the 

sampless doped with the monoisotopic silver was found to be in agreement with 

thee earlier report [25]. The no-phonon shifts could be caused by different lattice 

strains,, but taken together with the significantly greater one-phonon shifts, the 

dataa unambiguously demonstrate the presence of at least one Ag atom in the 
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opticall  center. 

Isotopee shifts of luminescence lines are convenient for identification of the che-

micall  nature of such centers [9]. Heine and Henry [32] gave a quantitative descrip-

tionn of isotope shift of no-phonon optical transitions at defects in semiconductors. 

Iff  the force constant in the initial and/or final electronic state wil l change on iso-

topicc substitution, an isotope splitting of the no-phonon optical transition wil l 

result.. In their model, the shift of the no phonon energy S is related to a sof-

teningg effect of the electron and hole on the modes of the perfect lattice. When 

thee force constants between the atoms change, the state of the electronic system 

alters.. The effect is related to the temperature dependence of the band gap of the 

puree material. The presence of a carrier c (c = e for an electron and c — h for a 

hole)) on an atom lowers the interatomic elastic constant A by a fraction ~ICPC: 

A'' = A [ l - 7 c Pc ] . (3.2) 

wheree Pc is the probability of the carrier being at the impurity atom and ~!c is the 

effectt of the carrier. 

Thee sum of the effects of a free e — h pair 7 — (~!c + -h) can be found from the 

temperaturee dependence of the band gap energy. At temperatures well above the 

Debyee temperature this is given as [33]: 

- f ?? = ï A ' ( " + " "> ) ' (33) 

wheree T denotes temperature and k is Boltzmann's constant. From analysis of the 

dataa for several defects. Heine and Henry concluded that 

7 h 7 e.. (3.4) 

Thee presence of either a hole or an extra electron wil l soften lattice modes, the 

effectt of a hole being significantly larger than that of an electron. The total value 

off  the isotope shift can then be given by [32]: 

S=^mS=^mll*^(-*^(-dd-%)-%) ft. (3.5) 
uu KM) M 7 V dT; HT 

Inn Eq. 3.5 UJD is Debye cutoff frequency, (for silicon hujD = 55.6 meV), M0 is 

thee atomic mass of a host semiconductor, M is the mass of a particular impurity 

atomm (M « 108 for silver with natural isotopic composition) and AM is the mass 

differencee introduced by isotope substitution: AM = 1 for 109Ag and 107Ag 

impurities,, respectively. 

Inn order to calculate Pc. one must determine the wave function of the carrier 

boundd to the defect center in either the initial or the final state (or both). Assuming 
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thatt the 780-meV band originates from recombination at an isoelectronic center 

withh a local hole binding potential [21], we roughly estimate the probability Pc to be 

aboutt 1. Further, we take dEg/dT for silicon to be — 2.lk at room temperature [34]. 

andd from Eq. 3.3 we have 

7,, + 7/. = 2.8. (3.6) 

Finally,, substituting the mentioned values into Eq. 3.5 we evaluate the difference 

inn no-point energy to be: 

55 = 0.015 1 meV, (3.7) 

inn good agreement with the experimentally measured value of 0.017 meV. 

3.55 Perturbations of the no-phonon lines by mag-
neticc and stress fields 

Thee effects of magnetic fields on the lower-energy lines were measured at 4.2 and 

200 K by PL (Fig. 3.4) and by optical absorption at 4.2 K for the higher-energy 

transitionss near 796 meV (Fig. 3.5). Line C is not affected by the field. The 

effectss of uniaxial stresses are shown for the lower-energy lines in Fig. 3.6, using 

luminescencee at 4.2 and 20 K to enhance these low-energy transitions, and in Fig. 

3.7,, using absorption measurements to monitor also the higher-energy states. 

Thee magnetic perturbations are isotropic within measuring accuracy and so 

containn no information about the point group of the center. This result supports 

thee proposal that the hole is tightly bound [24], because then its orbital angular 

momentumm is quenched, leaving only its spin angular momentum, which responds 

isotropicallyy to the magnetic field at the resolution available optically. 

Thee effects of stress are most easily seen for line C (Figs. 3.6 and 3.7). The line 

splitss under <001> stress at the rate of 79 2 meV/GPa. similar to the splitting 

off  the conduction-band minima (92.5 meV/GPa. Ref. [35]). while there is littl e 

splittingg under <111> stress. These results confirm the effective-mass nature of 

thee electron. The electron state is derived from the six conduction-band minima 

andd so transforms as .4). E. and T2 states in T(i symmetry. In a basis set ordered 

ass A\. EQ. Ef and T-f. T |. T.j. these valley orbit states are perturbed under stress 
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Figuree 3.4: The squares show the Zeeman effect measured f or the no-phonon lines 

AA and B, and the diamonds show transitions induced from FQ. Line C, which is 

notnot shown, does not shift, as expected from the model of Sec. 3.5. The lines are 

calculatedcalculated as in Sec. 3.5 with parameters A = —0.46 meV, g.$ = 1.9  0.1. and 

ggLL = 0. The lines close to the data for F0 have been obtained by downshifting the 

fitsfits to the lowest-energy components of line A. 

accordingg to the symmetric matrix [36] 

// -7(5 + 5) 
-Bs-Bs99 + i(l  -S) BsBsf f 

Bse+7(l-<5) ) 

I) ) 

0 0 
0 0 

C(v/3-sv v  se) 

\ \ 

-C(-C(Sl)Sl) + V3sc) 

\ \ 

0 0 
0 0 
0 0 
(I I 

0 0 
2Cs2Csee ) 

(3.8) ) 

Heree 67 is the energy separation of the E state from the A\ state and 2#7 is 

thee displacement of the T2 state from E. The terms sg and se are the stress 

combinations s 

sgsg = 2sz y/l[i y/l[i 

wheree the stress tensor components Sy are written in terms of the Cartesian coor-

dinatess i.j = x.y.z of the crystal and compressive stress is defined to be positive. 

Hydrostaticc stress terms, which would appear down the diagonal of the matrix, 

aree omitted (and wil l be introduced below). 
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798 8 

Magneticc field (T) 

Figuree 3.5: Zeeman effect of the higher excited states, labeled as ls(E + T2) in Ref. 

[18],[18],  with the magnetic field along <001> and <111> directions. The squares are 

thethe experimental data, and the lines are calculated using the spin-orbit parameter 

XX = —0.46 meV derived from the fit of the Zeeman effect on the lines A and B 

(Fig.(Fig. 3.4 and a spin g factor gs = 1.3. The line at 797.9 meV is assigned to the 

transitiontransition from the singlet state, analogous to line C. 

Ann A\ state is perturbed only by hydrostatic stresses and by coupling through 

thee terms ps$ and pst to the E state, Eq. 3.8. The considerable splitting of line C 

underr <001> stress and the linearity of the splitting establishes that C does not 

havee an A\ state, as is central to existing descriptions of the excited states of the 

centerr [21]. Line C derives from the T2 component of Eq. 3.8. 

Underr stress, the matrix shows that the T2 state splits into two components un-

derr <110> stress and is not split under <111> stress. Consequently, to obtain the 

twoo components seen in <001> stress, two in <111>, and at least three in <110> 

stress,, the hole must not be split under <001> stress and must be perturbed 

intoo two states by <111> stress and by <110> stress. These splittings are only 

expectedd for an orbitally nondegenerate state in a trigonal local symmetry [37], 

whichh defines the environment of the hole. 

Havingg determined the environment of the electron and hole as independent 

particles,, we now need to consider their interaction. In an isoelectronic model, the 

groundd state of the system is the "vacuum" state with no particles. It therefore 

hass a spin of S = 0, and optical transitions are only allowed to it from the singlet 
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Figuree 3.6: The squares show the data for the splittings of the no-phonon lines 

underunder stress along the <001>. <111>, and <110> crystal directions, measured 

inin luminescence at 4-2 and 20 K. Experimental data for the transitions induced by 

thethe stresses are shown by diamonds. The lines are the fits derived from the model 

describeddescribed in Sec. 3.5. Dashed lines originating near 780.2 meV show the predicted 

energiesenergies of the J = 0 state. 

excitedd states. Line C is not perturbed by the magnetic fields and so has an S = 0 

excitedd state. It also has a relatively high transition probability [Eq. 3.1]. The 

excitedd state of line C can be conveniently labeled 1T2 in a Td notation. If the 

spinss of the electron and hole can combine to give 5 = 0, then 5 = 1 combinations 

aree also expected. Line A splits isotropically into five components in a magnetic 

fieldd (Fig. 3.4). Borrowing atomic physics notation, a T2 state has orbital angular 

momentumm L = 1, which combines with S = 1 to give J = 2, 1, and 0; the J = 2 

statee would split into five components in a magnetic field, as does line A. Using a 

spin-orbitt coupling Hso = AL • S and assigning the triplet state to line B predicts 

thee ,7 = 0 state 0.3 meV above B. This state can be observed in luminescence 

whenn it is induced by <110> uniaxial stresses, Fig. 3.6. The same splittings are 

observedd for the 796-meV group of lines (Fig. 3.5), and here the line ascribed to 

JJ = 0 can be observed at zero field at 797.2 meV. As required, it is not split by the 

magneticc field. The lines near 796 meV could therefore originate from the same 

electronicc states as lines A, Ö, and C, with a hole state 16.9 meV higher than that 

involvedd in those lines. 

<110> > 
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Figuree 3.7: The squares show the data for the splittings of the no-phonon lines 

underunder stress along the <001>. <111>, and <110> crystal directions, measured 

inin absorption at 4-2 K. The lines are the fits derived from the model described in 

Sec.Sec. 3.5. 

Forr a more detailed description, it is convenient to write the 3T2 states in the 

angularr momentum form 

| l > = ( 7 ?? + i7?)/>/2, |0 > = T | , \-l>={I?-iT»)/V2. 

Thee perturbation caused by the magnetic field is 

AHAHzz=fi=fi BB(g(gLLLL + gsS)-B. (3.9) 

Thee combined stress and Zeeman perturbation matrix for the spin triplet states 

iss given in the Appendices . The best fit  to the Zeeman data for lines A and B 

givess A = —0.46 meV, gs = 1.9  0.1, and gi = 0 (Fig. 3.4). Transitions induced 

fromm line F0, shown by the diamonds in Fig. 3, are described well by simply 

downshiftingg the fits to the lowest-energy components of line A. The value gi = 0 

iss as required for valley-orbit states. The same scheme also fits the overall splitting 

off  the lines near 797 meV, with the same parameters A = —0.46 meV and gi = 0, 

butt with a slightly reduced gs = 1.3  0.1, Fig. 3.5. 

Too fit the stress data requires the inclusion of the hole state, moving in trigonal 

symmetry,, with the C',iv point group. To define the notation we consider a parti-

cularr orientation of the C3„  optical center with the C's axis parallel to [111] and 

<110> > 
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withh one of the reflection planes perpendicular to [110], The hole is perturbed as 

A144 = ai (.sJX + % + s „ ) + a2{syz + szx + sxy). (3.10) 

wheree the a, are electronic operators [37]. Only two parameters Ai and A2 are 

requiredd to describe the effect of stresses on the hole state, corresponding to the 

effectt of each of the operators Oj and a2 of Eq. 3.10. From an optical transition 

wee only measure the difference in energy between states. Consequently, we can 

measuree the difference in their perturbations by totally symmetric stresses, but not 

thee absolute perturbations. We therefore absorb the perturbation by hydrostatic-

stressess of the electron state into that of the hole state. The best fit to the 

effectt of uniaxial stresses on the transitions .4. B. and C is shown by the lines 

inn Fig. 3.6. For the singlet states, the T2 level is perturbed as in Eq. 3.8. The 

perturbationss of the optical transitions have been defined as the difference between 

thee electron energies and the hole energies, and the compressive stress is positive. 

Wit hh these conventions, the best-fitting values are. with % uncertainty. A\ — 

6.55 meV/GPa and A2 = 3.7 meVr/GPa. The one parameter for the electron state 

iss C = -11.2  1.5 meV/GPa. This value is very similar to that of -11 meV/GPa 

foundd at the well-known 789-meV carbon-oxygen center [38] and is comparable to 

thee free-electron parameter of-15.4 meV/GPa [35]. 

Wee have noted the close similarity in the no-field splitting and magnetic field 

perturbationss of the multiplet near 796 nieV and lines ,4. B. and C. The stress 

dataa for these lines can also be fitted using the same stress parameters as for .4. 

B.B. and C. Fig. 3.7. Similarly, the higher-energy multiplet near 820 meV splits 

withh the same shift rates as the corresponding components of line C (Fig. 3.7). 

Thee model presented here describes a considerable amount of perturbation data 

usingg an electron state derived from the T2 valley-orbit states. The excited state of 

thee line FQ does not form part of this scheme. We have not been able to determine 

thee nature of that state since the F0 line is so weak. However, we note that the 

EE valley-orbit states may be expected to be of a similar energy to the T2 states, 

andd they could form the electron component of the exciton. The degeneracy gp of 

thee triplet E state would then be gp — 6: its exact value is not critical in its use 

beloww in Sec. 3.7, 

3.66 Electron-phonon coupling 

Thee phonon sidebands F\ and F2 are associated with a forbidden no-phonon line 

FF00,, Sec. 3.3. This situation arises when a vibration of the optical center couples 

thee electronic state from which transitions are forbidden to one from which optical 

transitionss are allowed. The simplest case is when the Hamiltonian of the center 
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containss a term that is linear in the displacement of the relevant vibrational mode. 

Thee molecular deformation produced by a vibration is expected to perturb the 

orbitall  parts of the states rather than their spins and so wil l only couple states of 

thee same spin. The line F0 is not readily detectable, but magnetic fields induce 

andd shift the lower-energy components as for line A (Fig. 3.4), suggesting that the 

excitedd state of F0 is effectively another quintuplet. However, a definite assignment 

cannott be made to F0 since we do not see a full Zeeman splitting, and so we wil l 

alloww F0 to interact with the excited states of either A or B. However, we can 

excludee coupling of F0 with the spin-singlet excited state of line C. The vibrational 

modess wil l be represented by one effective vibrational mode (with quantum energy 

off  frw). In the absence of the vibronic coupling, the states can be represented by 

Born-Oppenheimerr products of the electronic states Qx(r)(X = F A.B) and the 

harmonicc vibrational states Xi(Q): 

VxiVxi = 0x{r)Xi(Q). (3.11) 

wheree r represents the coordinates of the electrons, Q is the vibrational coordinate, 

andd i = 1, 2...., oc indicates the vibrational state. These states are coupled by an 

electron-phononn term dQ that is linear in the mode displacement Q, where d is an 

electronicc operator. We define the strengths of these interactions as 

c\c\ = (<PA d oF) = ((pF d 0A) , (3.12a 

c-2c-2 = (OB \d\ OF) = (OF \d\ oB) • (3.12b) 

Sincee there are negligible phonon sidebands originating from no-phonon lines A 

andd B. the effect of dQ on the states 0.4 and Oy themselves is approximately zero: 

ÓA)ÓA) = (óü\d\óB) = 0 . (3.13) OO A \d 

Similarly,, we have no evidence for any phonon sidebands occurring through simple 

relaxationn of the state F, and so 

d=d= (oF\d\oF) =0. (3.14) 

Thee state vFi is mixed with VAJ and csk by the coupling, producing new eigen-

statess ^pp, ^Aq, and ^BT-, which lie in the space spanned by F̂l, VAJ, and ij'Bk' 

11 j k 

Thee coefficients ƒ.. .a.. , and &.. mav be found from the secular matrix, which 

hass a very simple form. For each state A' = F, .4. and B with the same vibrational 
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Figuree 3.8: The energies of the lowest vibronic levels of the electronic states F. 

A.A. and B as a function of the coupling C\ \/h/2mu), calculated with c^/cy = 0.0G. 

TheThe phonon energy has been taken as 5.8 me V. The vertical dashed line shows the 

valuevalue of the coupling that gives the best fit to the energy separations of F0 , A, 

andand B. The resulting predicted spectrum is shown by the simulated spectrum at the 

bottombottom of Fig. 3.1. The ground vibronic states are assumed to involve harmonic 

vibrationsvibrations of the same 5.8-me V quantum,. 

quantumm state p. 

{U>x{U>x PP \H\ éXp) = E°x + (-+p)huj. p = 0.1.2. (3.16) ) 

wheree H is the Hamiltonian. including the vibronic coupling, and E°x is the energy 

off  the (uncoupled) electronic state X. All the other elements of the matrix are 

zeroo except where those pairs of states are coupled by dQ. The effect of d on the 

electronicc part of the Born-Oppenheimer products is defined by Eqs. 3.12a, 3.12b 

andd 3.13. Since the coupling term dQ is linear in Q. it only couples vibrational 

statess that differ by 1 in the quantum number. The coupling therefore has the 

form m 

tpFitpFi IdQlipAj) = <0F \d\ 4>A) (xi ) 
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== CiJ—^—VlTÏSj, ̂ + ClJ- \Ti&js-i, (3.17) 
VV  zrriuJ V Inijj 

withh corresponding expressions for the coupling of vFi to L'BJ. 

Thee eigenvalues and eigenvectors of the secular matrix can be found numer-

ically.. The variable parameters in the matrix are the differences between the 

threee energies of the electronic states E°x without vibronic coupling', the coupling 
(('\'\ Is/m^j between states F and A. and the coupling c2/y/mu; between F and B. 

Thee measured data are the energies of the no-phonon states. E f = 778.6 meV. 

EEAA = 778.9 meV. and EB = 779.85 meV. the quantum foe (which we set equal to 

thee quantum of the mode of fou — 5.8 meV, since it is seen most strongly in the 

spectra),, and the relative transition probabilities of line A to line F{ and A to D: 

wee may also set the transition probability for the no-phonon line F0 equal to zero. 

Tli ee energy levels of the lowest vibronic states are shown in Fig. 3.8 as a function 

off  the coupling term c\ sjhjlmuj. 

I tt is found that a good tit can only be obtained when F0 couples predominantly 

withh either state A or state B. The coupling is to the state A since the two-

phononn line at 767.2 meV is observable as a result of the vibronic coupling, and 

itss energy—and also the fact that it can be observed at temperatures when the 

no-phononn line D is very weak (Fig. 3.1)—implies that it is produced by the A 

state.. A least-squares tit to the data then gives 

dd y/h/2nhj = 4.2 meV. c2/ci = 0.06. (3.18) 

andd the energies of F. A. and B in the absence of vibronic coupling are obtained 

ass E°F = 781.5 meV. EA = 782.2 meV. and E°B = 779.7 meV. 

Thee PL band shape, calculated for T = 4.2 K. is shown in Fig. 3.1. It is very 

similarr to the measured spectrum with the exception that the line F2 is omitted, 

sincee our model uses only one mode. The coupling produces a strong one-phonon 

transitionn F\ associated with the no-phonon line F0 . but one-phonon transitions 

fromm both A and B are forbidden. The weak coupling between the states F and 

BB leads to undetectable two-phonon transitions from the B state. The calculation 

showss that the phonon line at 767.2 meV (A\) reported as a local mode with 

energyy of 12 meV [26], in fact, is produced by a two-phonon transition involving 

thee 5.8-meV mode and occurs as a consequence of the electron—phonon coupling 

betweenn states A and F. 

Inn this section we have seen that the luminescence band shape1 is unusual in 

thatt the phonon sidebands are not linked directly to the dominant no-phonon lines. 

Thiss type of vibronic coupling appears to have been reported for only one other 

pointt defect in silicon [39]. We have shown that the spectral shape is produced by 
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aa vibronic interaction between the lowest observed state F0 and the next observed 

statee A. Confirmation of the model would be provided by an independent assess-

mentt of C\. From Eq. 3.18. evaluation of C] requires knowledge of the effective 

masss m of the vibration. This information is provided by isotope doping. 

Wit hh natural Ag. the modes that produce the bands F\ and F2 have well-defined 

quantaa of E\ — 5.8 meV and E2 = 14.6 meV (Sec. 3.3). If we assume that the no-

phononn level F0 changes with isotopes in the same way as the closely adjacent line 

.4.. then the fractional changes in phonon energies are Ai q ~ 0.012 and AF2 ~ 0.01 

fromm 107Ag to 109Ag. A very simple model of a heavy ion vibrating in a lattice 

showss that the frequency of vibration is approximately inversely proportional to 

thee mass difference A A/ of the heavy (Ag) ion and the host lattice (Si) (Ref. [40]): 

thiss model provides a qualitative understanding of the resonance modes of heavy 

ionss in diamond [41]. Applied to 1(J'Ag and 109Ag in 28Si. it gives a fractional shift 

off  -0.012. consistent with the observed changes. 

Thee appropriate mass to use in evaluating C\ is therefore that of the Ag atom. 

Then. . 

dd = 1.1 x 10"10 J /m. (3.19) 

Convertingg c\ to strain, 

c\c\ = bci = 0.2 eV/strain. (3.20) 

wheree b is the interatomic spacing of the Si crystal (0.234 nm). Strain parameters 

inn silicon are typically of the order of 1 eV/strain. confirming that C\ has a sensible 

orderr of magnitude. The line F0 is induced by stresses applied along the <111> 

andd <110> directions, but not the <001> direction, Fig. 3.6. This suggests that 

thee shear stresses syz + szx + sxy of Eq. 3.10 couple F0 to A. The coupling cannot, in 

practice,, be determined from the data in Fig. 3.4. However, the value of the shear 

parameterr A2 = 3.7 meV/GPa corresponds to a strain parameter of c^A2 = 0.3 

eV/strain,, again of a similar magnitude to c^. 

3.77 Thermal quenching of the luminescence 

Wee have examined the decay characteristics of the A—B—C system. The measured 

decayy times were found to be exponential over the entire temperature range and 

identicall  within the experimental error for all the components. This serves as 

ann independent confirmation that the whole band corresponds to transitions at 

thee same center. Figure 3.9 illustrates intensity decay of the lines A, B, and C 

experimentallyy measured at 15 K. A lifetime of ~ 150 fis can be determined. 

Ass one can see from Fig. 3.10, a strong variation of the decay times with 

temperaturee has been determined in the experiment. From a comparison with the 
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Figuree 3.9: Decay time characteristics for the lines A, B. C of the 780-meV PL 

bandband measured at 15 K. 

temperaturee dependence of the PL intensity, it seems natural to assume that the 

high-temperaturee decrease (T >30 K) of the lifetime is due to the dissociation 

off  the exciton. From the experiment we can conclude that the decay times of 

thee A and B lines are identical. Also the decay time of line C, whose intensity 

allowedd accurate measurements for T > 10 K. has a similar value. Such a situ-

ationn is in agreement with the hypothesis that the A, B and C PL lines are due 

too transitions originating from three thermalizing states of the same center [25]. 

Att low temperatures, we obtain long decay times of about 250 /is. This value 

iss large when compared with the lifetimes of donor or acceptor bound excitons 

inn silicon, which are in the nanosecond range. For excitons bound to a donor or 

too an acceptor, the lifetime strongly depends on the impurity binding energy £,. 

Experimentally,, approximate dependencies r ex E~ '6 for an acceptor or r oc ET' ' 

forr a donor were reported and the lifetime shortening was attributed to a locali-

zedd phononless Auger recombination process [42,43]. For example, for excitons 

localizedd at In acceptors in silicon with Ei = 154 meV, a lifetime of r = 2.7 ns has 
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beenn determined [44]. The lifetimes measured in this study are longer by factor 

off  10°. This indicates that nonradiative lifetime shortening processes are absent, 

orr heavily suppressed, in this case. For silicon such a situation would occur for an 

excitonn trapped at an isoelectronic center [45-48]. 

300 0 

200 40 

Temperaturee (K) 

Figuree 3.10: The intensity (arbitrary units) of the total luminescence from the 

bandband as a function of temperature is shown by the triangles. The temperature 

dependenciesdependencies of the measured radiative decay times of lines A and B are shown 

byby the squares and crosses, respectively. The lines are the least-squares fit of Eqs. 

3.213.21 and 3.22. 

Figuree 3.10 shows, as functions of temperature, the luminescence intensity 

integratedd across all the band (triangles) and the radiative decay times of lines A 

(squares)) and B (crosses), measured in independent samples. As the temperature 

increasess to ~ 35 K. the total intensity increases with the increasing population 

off  state C, from which transitions are strongly allowed (Sec. 3.3). The decrease 

att high temperature occurs generally for luminescence centers in silicon. Sec. 3.1. 

Wee know from Sec. 3.3 that all the excited states of the center reach thermal 

equilibriumm before the PL transition occurs and so the intensity is expected to 

follow w 

1(0) 1(0) 

I(T) I(T) 
11 + E(TF9iAifff)  exp(-Ei/kT) 

11 + E(9t/9F) exp(-Ez/kT) + (g/gF)T  ̂ exp(-Ea/kT)' 
(3.21) ) 
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Heree the sums are over all the states i = A. B. and C and l/r*  is the mean 

transitionn probability for the radiative transitions originating each of the qi de-

generatee states of the state at an energy Ei above F0. The thermal quenching 

off  the excited states has an activation energy Ea and an effective degeneracy of 

(g/g(g/gFF)T)T33^^22 relative to state F0. 

Thee decay times as measured for lines A and B from 4 to 50 K are also shown 

inn Fig. 3.10. Lines A, B. and C decay exponentially with time after a pulse of 

excitation.. Since their excited states are in thermal equilibrium. Sec. 3.3. their 

decayy times are equal at each temperature. Corresponding to Eq. 3.21. the decay 

timee r is given bv 

11 ( 9F 

r{T)r{T)  \rF 

ll  + YJ{TFgilTigF)eM-Ei/kT) + (rg/gF)TV2eM-Ea/kT) 

11 + E(9i/9F) exp(-Ei/kT) + {g/gF)T*/*  exp(-Ea/kT) 

(3.22) ) 

Heree the term r determines the rate of ionization into the continuum. 

Inn Eqs. 3.21 and 3.22, the values of Et are known from the optical spectra, and 

ggFF = 6. gA = 5, gB = 3, and Qc = 1. from Sees. 3.5 and 3.6. From the measured 

ratioo of the probabilities of transitions F, A, and B. Eq. 3.1, we know the ratios 

TTFF/T/TAA and TB/TA: TF/TA = (IAgF/IFgA) = 1.8 and rB/rA = {IA9B/IB9A)=0-9- The 

thermal-quenchingg energy Ea is best found from the luminescence data. It is not 

sensitivee to the other parameters, and a least-squares fit gives Ea — 33.3  1 meV. 

Thiss value is in agreement with the threshold of photo-ionization from the excited 

statess (Ea=3S meV, Ref. [49]). It is also comparable to the value of 41.7 meV 

forr the binding energy relative to state C. derived indirectly by assuming that the 

transitionn at 816 meV involves an effective mass electron in a 2p0 state, which 

cann be compared to the energy levels of a donor [28]. The value of Ea has been 

fixedd at 33.3 meV. A least-squares fit of Eqs. 3.21 and 3.22 to all the data in 

Fig.. 3.10 can now be made with five adjustable parameters. They are determined 

ass TA = 1020 fis, rc = 6.3 /zs, g - 490 K~3/2, and r = 435. plus the physically 

insignificantt 1(0) — 60. Variations in the fitting strategy can change rA and r 

byy 50%, while rc and g appear to be stable to . Radiative decay times in 

thee microsecond range are typical for centers in silicon with diffuse excited states. 

Fromm the parameters, we have IF/Ic ~ [9F'TC)/{9CTF) — 0.02  0.01. confirming 

thee value in Eq. 3.1. 

Wee can now clarify why in our fitting procedure wye first obtained the quenching 

energyy E from the luminescence intensity. If there was no quenching, the lumines-

cencee would increase and saturate as state C became populated. The quenching 

thereforee has a major effect on the total luminescence. In contrast, it has a smaller 

absolutee effect on the lifetime, which is already severely reduced bv the relatively 
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shortt lifetime of the excited state of line C. By combining the data, we can esti-

matee the rate of thermal ionization, which does not appear to have been presented 

forr any pseudodonor in silicon. In Eq. 3.22 the term (rg/TF)T3^2exp(—Ea/kT) 

representss the thermally activated quenching of the luminescence, which consists 

off  a Boltzmann term and the usual preexponential. which is temperature depen-

dent.. At 50 K. the prefactor has the value 4 x 1010 Hz, surprisingly slower than 

thee frequency (~ 1012 Hz) of the dominant 5.8-meV phonon. 

3.88 Summary 

Wee have reported the results of a detailed phenomenological study of the optical 

propertiess of a silver-related center in silicon. Perturbations of the optical tran-

sitionss by uniaxial stresses and magnetic fields have been accurately described 

inn terms of an effective-mass electron, orbiting the center in a triply degenerate 

orbitall  state in effectively Td symmetry, and a tightly bound hole, which has its 

angularr momentum quenched by the local trigonal field of the center (Sec. 3.5). 

Thesee particles couple through their spin. At a slightly lower energy than these 

readilyy observed states, a state exists from which optical transitions are strongly 

forbidden,, but which is phonon-coupled to the other electronic states. As a result, 

thee vibronic sidebands observed at low temperature derive from the forbidden no-

phononn line (Sec. 3.6). Using an effective mass for the vibrational mode derived 

fromm isotope data (Sec. 3.4). we have shown that the required magnitude of the 

electron-phononn coupling is of a reasonable magnitude. With this energy-level 

scheme,, the total luminescence and the radiative decay time have been fitted over 

thee temperature range 4 - 50 K, and it has been shown that the data can give an 

estimatee of the time taken to thermally ionize an electron from an effective-mass 

statee (Sec. 3.7). A highly detailed phenomenological understanding of the optical 

propertiess can therefore be achieved, even though the molecular structure of the 

coree of the center has not been determined. 


