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Chapterr 5 

Silicon-basedd all-optical memory 
elementss for 1.54 /am photonics 

BasedBased on the investigations in Chapter 4 we present experimental evidence of an 
opticaloptical memory effect. An all-optical all-silicon memory element for use in pho-
tonictonic circuits is proposed. 

5.11 Introduction 

Whilee novel electronic materials, e.g. GaN, find their dedicated application areas, 
crystallinee silicon (c-Si) continues to dominate the mainstream integrated circuit 
devicee manufacturing. However, applications of this most important semiconduc-
torr material remain electronic rather than photonic. Due to its electronic structure, 
featuringg a rather small and indirect band gap, Si is a poor light emitter. Although 
variouss approaches to Si photonics [55, 56, 57, 58] have been actively explored, la-
singg action still has not been demonstrated, and reports on optical gain [59] or 
evenn intense room-temperature emission [18] from Si structures remain controver-
sial.. In spite of these limitations, c-Si features properties that are potentially very 
attractivee for optical applications. The most prominent of these is an unsurpassed 
levell  of impurity control that leads to suppression of non-radiative recombinations 
andd provides for a very long minority carrier lifetime. Recent investigations, uti-
lizingg a free-electron laser, reveal that Si exhibits afterglow and optical memory 
effects,, typical features of well-known optical materials, e.g. phosphors. These 
findingsfindings open new prospects for development of Si-based optical elements that 
couldd find applications not only in telecommunication networks at 1.54 /xm but 
alsoo in quantum computing schemes [60]. 

61 1 



62 2 CHAPTERCHAPTER 5 

Timee (ms) 

Figuree 5.1: The optical memory effect observed for Si:Er at cryogenic temperature. 

AA schematic experimental set-up for the two-color experiment is given in the inset. 

Duringg the past 30 years, considerable research effort has been devoted to the 

designn of optical storage devices for use in an all-photonic technology. In spite 

off  the obvious commercial success of high-density magneto-optical storage sys-

temss and the dye-based write-once discs, vigorous activity continues regarding 

thee development of non-magnetic, all-optical storage media. Until now. most of 

thesee investigations have been focused on electron trapping at deep centers and/or 

structurall  transformations of centers upon carrier trapping (e.g. DX centers in 

III- VV semiconductors). Read/write data transfer rates in this case are expected to 

bee very fast, as the process is photonic (photon-electron interaction) rather than 

thermall  in nature. In addition, the optical memory effect has been investigated 

inn A1N ceramics, AlGaAs alloys, and GaN [61]. In these technologies, informa-

tionn is written when photoionization of deep electron traps effectively sensitizes 

thesee materials by generating metastable states that modulate their electric and/or 

opticall  properties. Exposing the sensitized areas to a "reading" laser beam can re-

trievee the optically written information. As a result, electrons are liberated from 

thee traps and recombine. thereby producing photons. Another approach involves 

holographicc storage making use of the diffraction of a laser beam due to variations 
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Figuree 5.2: Schematic illustration of the physical mechanism responsible for the 

opticaloptical memory effect in c-Si. (a) A laser pulse at Xt produces band-to-band exci-

tation,tation, filling available trapping centers TC. and also exciting optical dopants via 

recombinationrecombination centers RC, giving rise to the signal at A3, (b) Following the pump 

pulse,pulse, a non-equilibrium situation is created in which some carriers are temporarily 

storedstored at the TC. (c) A second laser pulse at X2 releases carriers giving rise to the 

signalsignal at A ,5. 

off  the refractive index induced by a local change of space charge [62]. In case of 

GaN,, it has been observed that the intensity of near band edge photo-luminescence 

att room temperature is significantly reduced in areas that have been exposed to a 

sufficientlyy high dose of ultra-violet radiation [61]. Up to the present, observation 

off  an optical memory effect has not been reported for the most important electronic 

materiall  c-Si. Optical doping, i.e.. introduction of efficient radiative recombina-

tionn centers, significantly enhances the photonic properties of Si. In this approach, 

thee role of Si is to provide excitation of the optical dopant through host-dopant 

energyy transfer. Erbium has been the main optical dopant under investigation, 

sincee the trivalent Er ion emits at a wavelength of 1.54 /jm that is suitable for 

telecommunicationn applications. 
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Mid-infraredd (MIR) spectroscopy using a free-electron laser (FEL), operating 

inn the 7 - 17 fim range, is a powerful tool for studying optically-doped Si. In 

conjunctionn with band-to-band excitation from a second laser, thermal effects in 

thee ground and excited states of the optical dopant can be studied. Furthermore, 

byy using pulsed band-to-band excitation, it offers the possibility to probe non-

equilibriumm and metastable states. Such a two-color experiment is schematically 

illustratedd in the inset of Fig. 5.1, (see [42] for a more detailed description). A Si:Er 

samplee is placed in a variable temperature cryostat and exposed to a visible laser 

beamm at a wavelength Aj providing band-to-band excitation, leading to emission 

fromm the optical dopant at a wavelength A3. After an adjustable time delay At, a 

FELL pulse, at a selected MI R wavelength A2, impinges on the sample influencing 

thee output signal. The change of emission (intensity, dynamics) is then measured 

ass function of wavelength, timing, and power of the MIR pulse. This unique, 

state-of-the-artt experimental approach has revealed a wealth of new information 

onn optically-doped semiconductor materials as seen in Chapter 4. 

Forr the Si:Er system, many of the effects observed in the MI R two-color ex-

perimentss are, in fact, manifestations of the properties of Si itself, conveniently 

revealedd by the optical dopant. MIR ionization increases the rate of very slow 

thermall  energy transfers, which otherwise easily escape detection. In this way, 

thee prominent role of non-equilibrium traps in the energy storage process could be 

deducedd [43]. 

5.22 Results and conclusions 

Figuree 5.1 demonstrates the memory effect observed for Si:Er. Following the band-

to-bandd pump pulse (Ai) free electrons and holes are generated in the Si host. 

Thesee carriers are captured by trapping centers (TC) and by recombination cen-

terss (RC) available in the Si material. Excitation of optical dopants takes place 

viaa particular RC that transfer energy to the dopant. This is followed by optical 

emissionn (A3) giving rise to the initial photoluminescence (PL) peak at t = 0. After 

aa fast rise in the PL intensity, the signal decays on the order of few ms. However, 

theree exists a competition between optical dopants and other (single) carrier traps 

TCC for capture of the electron and hole pairs. Therefore, an additional excita-

tionn of optical dopants is possible upon release of carriers initiall y captured and 

temporarilyy "stored"at single-carrier non-equilibrium traps TC. This can be ac-

complishedd thermally, giving rise to a slowly decaying "afterglow" component in 

thee PL signal, with the kinetics determined by thermal escape of the trapped car-
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riers.. Carrier release can also be optically induced by a MIR laser pulse (A2) at 
tt = At. Application of the second laser pulse results in carrier release from the 
single-carrierr traps and subsequent energy transfer to the optical dopants. This 
leadss to an abrupt increase of the PL signal, accompanied by a simultaneous re-
ductionn of the slow "afterglow" tail, as seen in Fig. 5.1. A similar memory effect 
(off  different kinetics) was also observed for silver-doped Si materials [63]. After-
glow,, a well-known effect in thermoluminescent optical materials, is a long-term 
emissionn due to a very slow pumping of optical dopants by carriers being ther-
mallyy released from shallow trapping centers. Alternatively, carriers localized in 
shalloww traps can be released optically by a laser pulse, such as the FEL signal. 
Thiss mechanism is somewhat similar to that responsible for the persistent photo-
conductivityy frequently observed in III-V materials. The difference is that in the 
latterr case persistent effects are related to (configurational) metastability of defect 
centers,, while the afterglow is an inherent feature of the Si host, originating from 
thee (indirect) band structure, the presence of carrier traps, and the suppression of 
non-radiativee recombinations possible in the c-Si host. Since the emission of the 
dopantt is controlled by the optical ionization of traps previously populated by the 
pumpp pulse, it represents a "memory effect". Application of the MIR ("reading") 
pulsee generates a signal only if it follows shortly after the pump ("writing") pulse. 
Thee physical basis of the memory effect in c-Si is schematically illustrated in Fig. 
5.2.. It comprises the following steps: 

1.. A laser pulse (Ai) produces band-to-band excitation fillin g available single 
carrierr TC, and also exciting the dopant ions (Er or Ag) which act as two-
carrierr (e+h) RC giving rise to the signal (A3). 

2.. Following the pump pulse, a non-equilibrium situation is created in which 
somee carriers are temporarily stored at TC. 

3.. The "non-equilibrium" carriers can be released either thermally, leading to 
aftergloww over a time of tens of ms, or optically, through a second laser pulse 
(A2)) producing the signal (A3), respectively. 

Thiss phenomenon indicates that a Si-based optical storage element could be formed 
basedd on the optical memory effect. The concept is depicted in Fig. 5.3. Infor-
mationn is written over an areal extent of the Si element with a laser at a visible 
wavelengthh Ai. This could be done by separate pulses addressing different posi-
tions,, or by scanning with a laser beam (carrying a time sequence of pulses) onto 
thee element. A reading beam operating at a MIR wavelength A2, recovers the 
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informationn stored within the memory time window. The information, emitted at 

thee characteristic wavelength A3 of the optical dopant, can be retrieved simulta-

neouslyy or sequentially. The stored information may be removed with an erasing 

beam,, not depicted in the figure. 

Thee particular conditions under which the memory effect was observed - cryo-

genicc temperatures and use of FEL beam - are not attractive for practical appli-

cations.. However, since it is controlled by the carrier traps available in the Si. 

thee memory effect can be optimized through proper engineering of the TC. In this 

manner,, the amplitude of the response can be maximized, its temperature stability 

improved,, and the characteristic archival time constant adjusted. In particular, 

archivall  time and temperature range of the Si memory effect are determined by 

thee escape time of carriers stored at the TC by the "writing"beam. This process 

iss thermally activated and depends upon temperature and the trap ionization en-

ergy.. In our reported research, the Si optical memory effect was observed bekw 

500 K. indicating participation of relatively shallow centers. It seems plausible that 

deeperr dopants, such as the double acceptors Zn and Mg. could improve the car-

rierr storage properties. Through introduction of appropriate dopants, selected for 

sufficientt carrier trapping cross-section and large ionization energy, the occurrence 

off  the memory effect should be extended to a higher temperature range, and the 

characteristicc archival time could be significantly increased. Furthermore, the use 

off  the FEL for the reading pulse does not seem necessary. Since the second laser 

beamm at A2 produces a bound-to-free carrier transition, the only condition is that 

thee laser energy be more than the ionization value. Investigations of the depen-

dencee of the magnitude of the MIR-induced PL signal on the wavelength A2 of the 

secondd laser beam, indeed confirm that other laser sources, in particular the C 02 

laser,, can be considered. Since Si is practically transparent in the MIR range, a 

powerfull  C 02 laser pulse can be used to simultaneously retrieve information stored 

inn a large area of the sample. An image "written"during the time window of the 

memoryy effect could be recovered as an entire entity, as indicated in Fig. 5.3b. 

Moreover,, experimental evidence shows that signals can also be recovered even 

wit hh an IR pulse of A2 as 1.5 - 2.2 /mi. Finally, we note that the "writing'Taser 

pulsee at Ai does not have to be very powerful, as carrier capture cross-sections 

off  the trapping centers usually exceed these of recombination centers responsi-

blee for excitation of optical dopants. A separate issue is the development of an 

appropriatee "erasing" procedure. Our on-going study shows that erasing of the 

storedd information could be achieved through an exciton-phonon coupling effect. 

Inn particular, the Si-0 vibrational band can be conveniently used for this purpose. 
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Figuree 5.3: A Si-based optical data storage element, (a) Information is written on 

anan areal extent of the element with a laser beam at a Xt wavelength, (b) A second 

laserlaser operating at \ 2 retrieves the stored information. The signal at the X3 « 1.54 

fim,fim, wavelength is suitable for optical networks. 

Detailedd investigations of the MIR-induced emission of Si:Er show that this exci-

tationn mechanism is governed by the ionization of a single type of charge carrier, 

ass we wil l show in Chapter 6. This implies that hole and electron capture events 

could,, in principle, be separated in time. Therefore it appears possible to combine 

opticall  and electrical procedures: the preparation of the system for excitation by 

localizationn of the primary carrier ("writing") , or inducing emission by providing 

freee carriers for exciton recombination ("reading"), could be accomplished by elec-

tricall  injection of appropriate carriers. The possible extension toward operational 

higherr temperatures would allow the ultimate goal of room-temperature photonic 

applicationss and on-chip-integrated optoelectronics. Coupled with advanced Si 

processingg technology, the Si-based optical effect could lead to the development of 

nano-scalee photonic circuits. A new class of true optoelectronic Si-based devices 

mayy be forthcoming. 
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