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Chapterr 4 

Two-Colorr FEL Spectroscopy of 
Isoelectronicc Center in Silicon 

Time-resolvedTime-resolved "two-color" photoluminescence is reported from the 944 wieV band 

producedproduced by a low concentration of copper in silicon. Photolummescence has been 

generatedgenerated by a pulsed pump beam,, and then partially quenched by a probe beam 

fromfrom a free-electron laser. The kinetics of the quenching allow the absorption 

crosscross section for photo-ionization of the center to be determined without knowing its 

concentrationconcentration in the sample. The time-resolved data demonstrate a partial recovery 

ofof the luminescence after photo-ionization, due to repopulation of the ionized traps. 

4.11 Introduction 

Ass in other indirect-gap semiconductors, luminescence from pure silicon is weak. 

Iff  the excitation energy is localized on an impurity, the luminescence yield may be 

increasedd by overcoming the wavevector selection rule. At low temperature, the 

radiativee lifetime of the luminescence from most optical centers in silicon is usually 

long,, of the order of 100 /is. Consequently, most of the strongly luminescent centers 

aree in the neutral charge state, isoelectronic with the lattice, because a charged 

centerr could preferentially de-excite by an Auger emission of the excess charge. A 

veryy simple picture has been developed for the excited states of the majority of the 

isoelectronicc centers. Excitation of the center is equivalent to exciting one charge 

(holee or electron) to a higher energy state at the center, leaving the core of the 

centerr charged (negative or positive, respectively). The high permittivity of silicon 

andd the low effective masses of the electrons and holes result in the excited charge 

movingg into an effective-mass state. The effective-mass particle may be the hole, 

forr example at the carbon-related "T" center [12]. or the electron, as in the example 

discussedd in this Chapter. By using the known properties of the extremes of the 
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valencee or conduction bands, it is possible to understand in detail many properties, 

suchh as the response of the states to perturbations [50]. or to link the relative optical 

transitionn probabilities of different excited states to the electron-phonon coupling 

att the center [14], The partial separation of the electron and hole states results in 

thee long radiative lifetimes and. consequently, in very weak absorption strengths, 

butt the localization of the energy produces apparently high quantum efficiencies. 

Photohmiinescencee (PL) spectroscopy associated techniques have therefore been 

thee preferred optical probes of the centers. For example, for some (-(niters, the 

Rydberg-likee series of excited states have been detected by photohmiinescence 

excitationn spectroscopy [38]. The long lifetimes in the excited states also favor 

two-colorr spectroscopy, in which one "pump" beam (of photon energy of the order 

off  the band gap) excites the center, and a second mid-infrared "probe" beam (with 

photonss of the order of 10 to 100 meV) excites transitions within the effective-

masss states [51. 52]. Precision measurements of the effective-mass states have 

beenn reported, using high spectral resolution in the probe beam. Additionally, we 

notee that in a "two-color" experiment the selection rules for transitions induced 

byy the probe allow states to be investigated that are not observed by direct PL 

measurements. . 

Too date1, the two-color experiments have used steady-state excitation (strictly. 

low-frequencyy modulated for lock-in detection). This approach allows high spectral 

resolution.. However, the concentrations of the optical centers are usually not 

knownn with any precision, and the fraction of them in the excited states is also 

unknown,, so that data cannot be obtained on the kinetics of the processes. In 

thiss Chapter we report time-resolved two-color excitation, in which a pulsed probe 

beamm has been obtained from a free-electron laser (FEL). These measurements 

allow'' the photo-excitation cross section of transitions from the excited states to 

bee determined without knowing the concentration of the excited optical centers. 

Thee data also show evidence for the recapture of a carrier photo-ionized from the 

opticall  center. 

Wee consider here a luminescence center produced by copper in silicon. Copper 

dopingg of silicon is of relevance for technology. Here a considerable boost has 

beenn provided by applications of copper interconnects in recent generations of 

microchipss [53]. The behavior of copper in silicon has been extensively studied 

andd a lot of information has been gathered [54], In an isolated form. Cu has been 

foundd to take a somewhat distorted substitutional position [55]. Due to its high 

solubilityy and rapid diffusion (as a positively charged species) copper is one of 

majorr contaminations of silicon. At low temperatures it precipitates and clusters 

withh other defects. Many of these centers exhibit electrical activity; some are 

involvedd in radiative recombinations. The most familiar PL system it produces 
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hass a zero-phonon line (ZPL) at 1014.7 meV. This band is highly characterized. 

I tt occurs from a center of trigonal symmetry [9]. and the excited states can be 

describedd in terms of an effective-mass electron orbiting in the local trigonal field 

[56].. The binding energy of the electron is estimated to be 32 meV from the 

thermall  quenching of luminescence from the center [9]. In the positive charge 

state,, the tightly bound hole state is observed in deep level transient spectroscopy 

(DLTS)) at E^,+ 0.1 eV [57]. The vibronic sideband is characterized by a low energy 

resonancee phonon of 7 meV. identified as a highly-localized, in-phase motion of 

thee nearest-neighbor substitutional-interstitial copper pair forming the center [58]. 

Wee consider here a lesser investigated center, known as Cu* that is produced by 

aa lower contamination with Cu. The PL band has a very similar shape to that 

off  the 1014 meV band, and only differs by having its ZPL shifted by 70 meV to 

lowerr energy to 944 meV [59]. Correspondingly, we expect that the deep hole 

statee wil l be shifted deeper into the gap by the same amount, because, for this 

typee of center, the sum of the hole level, the energy of the ZPL. the binding-

energyy of the electron (again assuming ~30 meV for an effective-mass electron 

inn silicon), and the exciton binding energy (15 meV) wil l be close to the indirect 

energyy gap (1170 meV at low temperatures). The associated hole level is located 

att Ev + 0.185 eV [60]. Recent ab initio calculations suggest that the Cu* center 

consistss of a substitutional Cu atom with an interstitial Cu atom located near 

thee third neighbor tetrahedral site [61]. This assignment disagrees with published 

uniaxiall  stress perturbations of the line, but those data were measured only for low 

stressess and they are not fully understood [62]. For present purposes it is sufficient 

too know (from the DLTS data) that the center has a deep-hole, shallow-electron 

structure,, and that the center is produced with low metallic contamination. 

4.22 Experimental details 

Thee samples for the current study were prepared by evaporating copper on both 

sidess of a sample. The metal was in-diffused by heating for 4 h at 1150 °C in a 

closedd quartz ampoule containing 100 mbar of argon. After the diffusion step, the 

ampoulee was quenched to room temperature in water and the samples were etched 

too remove 70 //m of the surface layers. The PL spectra of the resulting samples 

showedd exclusively the Cu* band. 

Forr the two-color measurements reported here, the pump beam was the second 

harmonicc of a Xd:YAG laser (532 lira) with a repetition rate of 5 Hz and a pulse 

durationn of 100 ps. A mid-infrared (MIR) probe pulse with duration of ~5 /is 

wass provided by the FEL. The wavelength of the FEL is tunable and can be 

activatedd with a selected time delay AtF with respect to the Xd:YAG laser pulse. 
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Measurementss were carried with the sample fixed on the cold finger of a flow 

eryostatt resulting in a sample temperature of 16 K. 

4.33 Results and discussion 

Figuree 4.1 shows the decay of the 944 meV after excitation by the pump pulse. The 

figurefigure also shows the effect on the decay curves of FEL pulses applied with delay 

timess of 100 fis and 400 ^s. For these data, the FEL pulse had a photon energy 

sett to £ph = 60 meV. and a relatively low power (with 10 dB attenuation). Using 

onlyy the pump pulse, the PL intensity decays exponentially with a decay rate of 

\\\\\\ — 4.4 x 103 s_ 1. Applying a FEL probe pulse produces a strong quenching of 

thee PL. Fig. 4.1. The quenching effect is not observed when the FEL photons are 

appliedd prior to the pump excitation pulse, ruling out sample heating by the FEL 

pulsee as the cause of the quenching. Fig. 4.1 also shows that after a rapid decrease 

duringg the FEL pulse, the decay curve continues with the same exponential decay 

timee as without the FEL pulse: PL quenching takes place only during the FEL 

pulse.. For a fixed photon energy £ph and a photon flux <t>  of the FEL, the fraction 

off  the PL signal that is quenched is independent of the delay time, that is. the 

quenchingg is proportional to the concentration of the emitting centers available at 

thee moment when the FEL is fired. Al l data have been taken in the regime where 

thee PL quenching effect depends linearly on the pump power (no saturation effects 

aree considered). In the absence of the FEL pulse the decay of the population N in 

thee luminescing state therefore followrs the usual rate equation dN/dt = —W\N. 

Duringg the FEL pulse, this becomes modified to dN/dt = —W\N — WqN, where 

WWqq is the decay rate induced by the FEL pulse. This induced decay rate is found to 

bee proportional to the FEL photon flux (p. Wq = <70, at a fixed photon energy Eph. 

Thee physical meaning of a is therefore that the cross section for the absorption 

off  photons from the excited state at each of the centers. We define R as the 

"time-integrated""  ratio of the PL intensity observed with and without the FEL 

pulse,, where the integral is from the time chosen for the pulse to infinity . We 

approximatee the FEL pulse by a square pulse of duration r. Then, we expect 

thatt the quenching ratio, measured from the time of switching off the FEL pulse 

(t(t — 0), is given simply by 

PP exp [-Wqr]  J" exp [-WYt]  dt 
RR = roc r .„  ,, = exp \-WqT\. (4.1) 

Joo expf- lTit] 

However,, there is a further complication in that when the power of the FEL 

pulsee is increased so that there is almost complete quenching of the Cu signal, a 

recoveryy is observed, commencing after the quenching (Fig. 4.1, inset). Integrating 
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Figuree 4.1: The quenching of Cu-related PL band (944 meV) by the FEL probe 

pulse.pulse. The effect is illustrated for a photon energy of 60 meV with the probe pulse 

appliedapplied 100 and 400 u.S after the YAG-laser excitation (denoted by AtF = -100. 

-400-400 /is). The inset shows the recovery of the PL signal after termination of the 

probeprobe pulse (set to a maximum intensity of the MIR probe photons). 

thee PL to long time shows that 29  3 9c of the quenched Cu signal recovers after 

thee FEL pulse. This fraction is found to be independent of the photon energy and 

alsoo of flux of the FEL beam. It is proportional to the signal level after the FEL 

pulse,, and so in the simple description employed here it increases the numerator 

off  Eq. 4.1 by a constant factor. 

Thee origin of the quenching is established by Fig. 4.2, where the FEL quenching 

ratee is plotted as a function of the FEL photon energy Eph for three different FEL 

fluxes,fluxes, all sufficiently low that the quenching rate is linearly dependent on the flux. 

Thee quenching rate Wq is known directly as —ln(R)/r, Eq. 4.1. and has been 

normalizedd to constant FEL flux density. (We assume that the signal recovered 

afterr the FEL pulse is constant and equal to 29 % of the quenched signal). 

Thee threshold, near the energy expected for ionization of the effective-mass 

electron,, establishes that the quenching process is simply the photo-ionization of 

thee electron. The photo-ionization cross section a into a continuum of states is 

expectedd to depend on the photon energy E9\, as 

(E(Ephph - EDf2 

a(E, a(E, Phj j 
(£p h) ) 

3+27 7 
(4.2) ) 
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Figuree 4.2: The effective decay rate \Vq induced by the FEL pulse of Si:Cu sample 

asas a function of FEL photon energy, for three different values flux of the MIR 

photon. photon. 

wheree £D is the threshold energy for the ionization, and 7 is an adjustable para-

meterr of the order of unity. The lines on Fig. 4.2 are a fit of Eq. 4.2 with 7 = 1.6 

andd define the threshold as ED = 37  1 meV. For a silver-doped silicon material, 

whichh forms a similar bound exciton optical center giving rise to PL band at 780 

meV,, a fit  to photo-ionization data produces ED = 39  1 meV - see, Fig. 4.3. 

Figuree 4.4 plots the quenching ratio \Vq against the FEL flux (p for three values 

off  the FEL photon energy Eph. Since W\ and r are known, a least-squares fit to Wq 

(== a<p) gives a for each value of £p h. The values of a decrease from a = 1.1 x 10~16 

cm22 at Eph = 45 meV to 8.7 x 10~15 cm2 and 5.6 x 10~15 cm2 at 54 and 62 meV 

respectively,, where allowance has been made for reflection losses at the surface of 

thee sample. (The magnitudes may be underestimated by about 30% by neglect of 

partiall  reflection of the beam from the surface of the sample.) 

Thee ratios of the values for a are in close agreement with the ratios of the 

crosss sections at those photon energies shown in Fig. 4.3. To check the order 

off  magnitude of the cross sections, we note that the absorption coefficient n is 

relatedd to the cross section a by /i = oN where N is the concentration of the 

opticall  center. The excited state of the Cu center consists of an effective — mass 

electronn orbiting a positive hole - a configuration very similar to an electron 

orbitingg a phosphorus donor. The ionization continuum of the P donor has a cross 
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Figuree 4.3: The effective decay rate Wq induced by the FEL pulse as a function 

ofof FEL photon energy, for three different values flux of the MIR photon for Si:Ay 

sample.sample. The inset shows the quenching of Ag-related 780-me V PL band by the 

FELFEL probe pulse with a photon energy of 60 meV and the probe pulse applied 100 

andand 400 JJLS after the YAG:Nd laser excitation. 

sectionn of a = (i/N ~ 2 x 10 l o cm2 [63], of the same order as the values obtained 

heree for Cu*. 

Wee have noted that the fraction of the signal that recovers after the FEL pulse 

iss independent of the properties of the FEL pulse, but is proportional to the signal 

afterr the pulse — that is, it is proportional to the effect of the pump beam. It could 

thereforee be an intrinsic property of the center, or it could be an effect of the pump 

beamm ionizing other centers. A similar effect has been observed for Si:Ag. — Fig. 

4.3,, inset [64]. A time-dependent measurement allows the recovered fraction to be 

observed,, in contrast to a steady-state measurement, such as when measuring the 

losss of PL as the temperature is increased, where the recovered fraction is simply 

observedd as an indistinguishable part of the total signal. 

Onee of the unanswered questions concerning the class of isoelectronic centers is 

thee ionization mechanism. Thermal quenching of the PL may have an activation 

energyy equal to the ionization of the shallow particle, for example at the 780 meV 

Agg center [65], or it may be equal to the binding energy of the tightly-bound 

particle,, as at the sulfur-related centers [66]. or it may equal the exciton binding 

energy.. We have seen that following photo-ionization of the Cu* center, there is 
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Figuree 4.4: The flux dependence of the MIR-induced quenching PL for photon 

energiesenergies of 45, 54, and 62 meV and a delay time of Atp = -200 us. The inset 

showsshows the model for the quenching effect. 

aa transient increase in the PL signal (Fig. 4.1, inset). In contrast to ionizing a 

gass atom, where by definition the electron travels away from the ion. an electron 

ionizedd from a center in a crystal can lose energy as it comes to thermal equilibrium 

withh the lattice. For example, an electron of mass 0.1 me and kinetic energy 20 

meVV would travel a total distance of about 100 to 1000 atomic spacings in 10~13 to 

10~122 s, which we take as the time to come to thermal equilibrium. The Coulomb 

potentiall  attracting the electron to the ionized center is then at least 5 to 0.5 

meVV in magnitude, comparable with the thermal energy of about 1.4 meV (16 

K) .. With no externally applied electric field, recapture of the ionized electron is 

quitee probable. With increasing temperature, the probability that the electron will 
escapee increases, and indeed the experimental results show that the magnitude of 

thee PL recovery process is strongly temperature-dependent and does not occur for 

TT > ~ 40 K. With a weak Coulomb potential, as at the 780 meV center, recapture 

iss likely to affect predominantly the emission rate, and so is not obvious in a 

steady-statee measurement. With a deep potential, as at the sulfur-related centers 

withh electron binding energies of about 60 meV, thermal ionization of the shallow 

particlee alone may be prohibited. 

Thee situation is different for high concentration of centers. For this case we 

notee that the cross section for electron capture in cascade process, as applicable 
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forr a shallow, effective-mass state, has a relatively high value, of an order of a % 

1 0 "nn em2. Assuming a reasonable value of average thermal velocity of electrons 

inn Si at cryogenic temperature. < vth > ~ 106 cm s^1 we get the characteristic 

timee constant of the recapture process of rcap = [Nacap < vth >]"  ^ 0.1 ns for 

concentrationn of the Cu centers of 10Jo c n f ! [67]. We further note that at this 

concentrationn the average distance between the centers would be of an order of 

dd = 100 nm, comparable to the effective capture radius rejf = e2 j'nkT ss 50 nm, 

forr the Si dielectric constant K = 12 and kT = 3 meV. Therefore optical ionization 

wouldd be in that case a transient phenomenon, taking place only during the FEL 

pulse,, with the full recovery of the PL signal upon termination of the pulse. At 

higherr temperatures, the capture cross section decreases leading, accordingly, to a 

decreasee of the effective capture radius and the increased capture time. However, 

wee point out that while in the present study the concentration of the investigated 

copperr center is not exactly known, the PL band in question is reported to appear 

uponn low copper doping levels. If we assume the concentration to be 1013 cm- 3 , 

thenn the inter impurity distance wil l increase to d ~ 4 /im and recapture probability 

off  the opto-ionized electron at the cooper center wil l diminish. 

4.44 Conclusions 

Usingg a Cu center in silicon, we have demonstrated that the ionization cross section 

cann be measured for unknown concentrations of centers from the kinetics of the 

two-colorr excitation measurements. We have verified the value by comparison with 

thee absorption coefficient reported using known concentrations of shallow donors. 

Further,, we have presented evidence of the recapture of charge photo-ionized from 

thee center. 
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