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A detailed investigation on the excitation and deexcitation processes birESi is reported. In particular,
we explored Er pumping through electron-hole pair recombination and Er deexcitation through Auger pro-
cesses transferring energy to either free or bound electrons and holes. Since Er donor behavior would result in
a free-carrier concentration varying along its profile, experiments have been performed by embedding the
whole Er profile within previously prepared-doped orp-doped regions. Multiple RB) implants were
performed inn-type (p-type) Czochralski Si samples in order to realize uniform dopant concentrations from
4% 10 to 1.2x10'¥cm® at depths between 0.5 and 2u8n below the surface. These samples have been
subsequently implanted with 4 MeV 3x310" Er/cn? and annealed at 900 °C for 30 min. Free electrons or
holes concentrations in the region where Er sits were measured by spreading resistance profiling. It has been
found that the release of electrons or holes from shallow donors and acceptors, occurring at temperatures
between 15 and 100 K, produces a strong reduction of both time decay and luminescence intensityrat 1.54
These phenomena are produced by Auger deexcitation of fHeitira-4f electrons with energy transfer to
free carriers. The Auger coefficient of this process has been measurediip~&x 10 2 cm® s~ for both
free electrons and free holes. Moreover, at 16AKen the free carriers are frozen and the donor and acceptor
levels occupiefithe EF' time decay has been found to depend on théPB) concentrations. This is
attributed to an impurity Auger deexcitation to electrgos holes bound to shallow donor&cceptors the
efficiency of this process has been determined to be two orders of magnitude smaller with respect to the Auger
deexcitation with free carriers. Furthermore, at temperatures abdv& EOnonradiative back-transfer decay
process, characterized by an activation energy of 0.15 eV, is seen to set in far-typé andn-type samples.
This suggests that the back-transfer process, which severely limits the high-temperature luminescence effi-
ciency, is always completed by a thermalization of an electron trapped at an Er-related level to the conduction
band. Finally, by analysis of the pump power dependence of time decay and luminescence yield at 15 K, we
have found that excitation of Er through the recombination of an electron-hole pair is a very efficient process,
characterized by an effective cross section sf1®~1° cn? and able to provide an internal quantum efficiency
as high as 10% at low temperaturd$ K) and pump powergbelow 1 mW. This efficiency is significantly
reduced when, at higher temperatures and/or high pump powers, strong nonradiative decay processes set in.
These phenomena are investigated in detail and their impact on device operation perspectives are analyzed and
discussed[S0163-1828)01008-X]

[. INTRODUCTION Several applications, such as optical interconnections at the
chip-to-chip level, require integration of electrical and opti-
Silicon is the leading semiconductor in the microelec-cal functions on the same devit®©ne way to fulfill these
tronic industry. In fact, due to its mature processing technolvequirements is to combine the optical properties of IlI-Vs
ogy and to the continuous improvements in the scale integrawith the electronic performances of crystalline silicon
tion, this semiconductor is able to satisfy the increasinghrough an hybrid integration. Alternatively, several ap-
demand for higher complexity integrated circuits. There is ngproaches have been undertaken to circumvent the physical
doubt that the silicon technology will dominate the semicon-inability of Si to act as a light sourceAmong them porous
ductor market for at least two more decades. At the sam&i°> Si-rich silicon oxide® Si,_,Ge, heteroepitaxy on Si
time optoelectronics, especially optocommunication, has eniRef. 5 and rare-earth doping of &Refs. 6 and Yhave been
tered a long term growth phase. Due to its indirect band gaponsidered so far the most successful.
and to the absence of linear electro-optic effects, Si has been In particular, Er doping of Si has recently emerged as a
considered unsuitable for optoelectronic applications that requite promising route towards Si-based optoelectrohits.
main the domain of IlI-V semiconductors and glass fibersErbium is a rare earth, which, in itst3state, is characterized
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by a radiative intra-#4 shell atomiclike transition emitting

photons at 1.54um, a wavelength that is strategic in tele-

communication technology since it matches a window of

maximum transmission for the silica optical fibers. The in- ——
- . . . . . AE 4 . 4

troduction of Er in Si would in principle allow electronic T 2

excitation of the 4 transition through a carrier-mediated (@ —

process with a subsequent radiative deexcitation. Indeed, the A% 5

first Er-doped light-emitting diodéLED) operating at 1.54

um has been demonstrated more than one decadeaad@d

K. However, the achievement of room-temperature light

emission has been hampered for a long time by a strong

temperature quenching. The important potential applications

of this process have driven worldwide an increasing interest % 153

on the understanding of the Si: Er system and we have now ' 1 =2

gained a huge amount of information leading to the fabrica- (b) —

tion of room-temperature operating LEDYS.**For instance, v b

we have learned that O or F co-doping produces Er-impurity

complexes*~1® avoids Er precipitation and segregatigrt®

enhances the Er luminescericé® and reduces its

quenching®® modifies the deep-level properties of Er in

Si2122 and produces a donor behavfdrMoreover, the ex- c

citation and deexcitation processes of Er in Si have been

investigated. It has been shown that in photoluminescence © e

(PL) Er is excited through the recombination of photogener- E, s

ated carriers at a deep level introduced by Er in the band gap v 7 2

Silicon Erbium

of Si (probably a level at 0.15 eV from the conduction band
is responsible for excitatiort®?*In a diode structure under
forward bias the Er excitation process is the same as in PL . . ) )
while under reverse bias excitation is produced by impact of /G- 1. Schematic representation of several possible nonradia-
hot carriers within the depletion region of the devic®nce tive deexcitation processes for Er in % the back transfer pro-
excited deexcitation can occur either radiativehyth a life- ﬁelss’(b) Auger deexcitation with free electrons, afw with free
time of about 2 mp or through competing nonradiative oles.
paths. An understanding and control of the competing non-
radiative deexcitation routes represent a crucial step towards These two deexcitation processes have been recently ex-
the improvement of luminescence efficiencies. plored and some interesting features have been
Among the different nonradiative processes the backdentified?>~2°For instance, the back transfer has been veri-
transfer and the impurity Auger with free carriers have beerfied by photocurrent measurements in Er-doped reverse bi-
recently recognized as the most important decay processes &sed diodes irradiated at 1.24n (Ref. 28 and by spectral
competition with spontaneous radiative emissdff>’The  response in Er-doped solar celfswhile the impurity Auger
back transfer process is schematically depicted in Fig: 1 effect has been studied in Er-doped S junctiong’ and
the excited electron in thef4shell of the Ef* ion can decay used in reverse biased LED's to achieve a fast switching of
nonradiatively by promoting an electron from the valencethe electroluminescence sigrfaf® However, a complete
band to an Er-related level in the Si band gap. Note that thisharacterization of these phenomena is still missing. In par-
process is exactly the reverse of excitation, hence the naniiular, since both processes critically depend on free elec-
back transfer since the energy is transferred back through tHeons and/or holes, an appropriate study has to be done at
same path. The extra energy required to complete this pra@lmost constant carrier concentrations. Such a study is lack-
cess AE) is given by phonons, hence this deexcitation ising in the literature since the Er donor behavior results in a
expected to be thermally activated. Moreover, it is necessarfyee-carrier concentration varying along its profile.
that the Er-related level is empty to allow the promotion of The situation is even more complicatedpftype material
an electron: therefore the occupation probability of this level since the Er introduction produces compensation and forma-
i.e., the position of the Fermi level, should play a crucial roletion of p-n junctions, so that, in the very same sample, Er
in determining the effectiveness of this process. The Augeatoms inp-type Si, inn-type Si, and in depletion regions are
impurity deexcitation with free carriers is depicted in Figs. simultaneously present. The resulting luminescence behavior
1(b) and Xc) for electrons and holes, respectively. In this reflects all of these contributions: hence, nonradiative pro-
case deexcitation of the excited électron occurs by giving cesses vary with the position of the Er site within the sample
the energy to an electron in the conduction band or to a holand it is therefore difficult to interpret the data. Finally, the
in the valence band. This process resembles the opposite ufle of bound carriers on the luminescence of Er in Si has
impact excitation from hot carriers. Deexcitation probability never been properly assessed.
is proportional to the concentration of free electrgosfree In the present paper we investigate in detail the excitation
holeg and hence also this process depends on the position @d deexcitation processes ofEiin Si doped with various
the Fermi level. concentrations of P or B. The doping is performed in such a
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way to have almost uniform free-electron or hole concentra- 10" & e AERAEEE LD
tions in the Er-doped region. Under these circumstances the 2 3
deexcitation phenomena of Erinvolving free and bound [ ]
carriers can clearly be evidenced and quantitatively analyzed. 1071 .
The results allowed us to obtain a clear picture of the several o 2 3
deexcitation processes. g [ ]
10" -
IIl. EXPERIMENT s f E
Samples were prepared by performing multipléoP B) % 1015
implants into &a100)-orientedn-type (or p-type) Czochralski 0 g
(C2) Si substrate 4 ) cm) in order to obtain a constant S
dopant concentratior(ranging between %10'® and 1.2 © o
x 10*¥cm?) at depths between 0.5 and 2:8n. After im- i jgrfhs;;“' profile
plantation the samples were annealed at 1000 °C for 30 s in [« o p — type
N, flux in order to remove the implantation damage and to T ] M T BT N P T
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activate the dopant. Depth (um)

All of these samples were then implanted with 4 MeV Er

to a dose of 3.3 10'¥cn¥. The energy of the implant was £y, 2. Carrier concentration profiles of a 4-MeV Er implant to
chosen so that the Er profile is located in the region wherg gose of 3.3 10'%cn? as measured by spreading resistance pro-
the dopant profile is uniform. Also CZ Si substrates\df/pe  filing in n-type ~4 Q cm CZ Si(O) and p-type ~4 Q cm CZ Si
andp type, ~4 Q) cm, without previous Ror B) implanta-  (@). Also reported is the erbium chemical profile as measured by
tions, were implanted with Er for comparison. The Er doseSIMS (continuous ling
was chosen in order to have an Er peak concentration of 5
X 10"/cm?® [below the threshold for the onset of Er precipi- in n-type (open circles and p-type (solid circles ~4 € cm
tation in CZ Si(Ref. 30]. After this implant the samples Cz Sj after annealing at 900 °C for 30 min. The Er chemical
were annealed at 900 °C for 30 min ir, Hux. profile for these samples, as obtained by SIMS analyses, is
Chemical profiles were measured by secondary ion masgiso reported as a continuous line. Due to the fact that Er
spectrometrySIMS) using a CAMECA IMS 4 instrument.  pehaves as a donor in Si, the carrier concentration profile for
The Er profile was measured by using a 5.5-ke¥"O Er-implantedp-type Si(solid circle$ is quite complex. In
primary-ion beam and detecting tA®&Er" signal. In orderto  fact, it consists of ap-type region just below the surface
avoid interferences with thé®Sig" signal, a high-mass reso- followed by ap-n junction at~0.2um, ann-type zone
lution (AM/M ~1/3000) was used, thus allowing minimum petween 0.2 and 1.8m due to the donors introduced by Er,
detectability limits in the 18 atoms/cm range. a second junction at-1.8 um, and finally thep-type sub-
The electrical activation of the implanted samples wasstrate. Therefore in the very same sample we have simulta-
measured by spreading resistance profi{S&RP. Samples neously Er atoms ip-type, n-type, and depletion regions.
for SRP were beveled at an angle of’ 1Bpreading resis- In contrast, when implanting Er in-type CZ Si(open
tance data were converted into resistivity and then carriegjrcleg, the sample is alh-type but the free-electron con-
concentration using calibrated samples and a computationgkntration profile follows that of Er so that we have regions
procedure by Berkowitz and LuX. with different electron concentrations. It should be noted that
PhotoluminescencéPL) measurements were performed the maximum free-electron concentration is 20'%cm? for
by pumping with the 488-nm line of an Arion laser. The  poth n-type andp-type materials and is about one order of
pump power was varied between 0.01 and 200 mW over ghagnitude lower than the implanted Er concentration. This is
circular area wit a 1 mmdiameter and the laser beam was dque to the fact that the electrical activity of Er in Si depends
mechanically chopped at 55 Hz. The luminescence signain the amount of O present in the sample. In particular it has
was analyzed with a monochromator and detected with @een demonstrated that for Er implantation in CZ Si a maxi-
liquid-nitrogen-cooled Ge detector. Spectra were recordegdyum concentration of-4X 10 cn? free electrond? is
using a lock-in amplifier with the chopper frequency as aachieved; this electrical activity is limited by the O content
reference. Luminescence lifetime measurements were pesnd can be increased only by introducing more O in the
formed by monitoring the decay of the PL signal at 164  gypstrate®
after pumping to steady state and mechanically switching off |n order to avoid the formation of junctions and to have
the laser beam. The overall time resolution of our system igmost uniform concentrations of electrons or holes in the
of 30 us. Low-temperature measurements were performegegion where Er sits, multiple P or B implants have been
by using a closed-cycle liquid-He cooler system with theperformed together with the Er implant and the carrier con-

samples kept in vacuum. centration profiles of these two sets of samples are reported
in Fig. 3 and Fig. 4, respectively. The Er chemical profikes
Il. RESULTS AND DISCUSSION MeV 3.3x 10" Er/cn? in all case¥as obtained by SIMS are

also shown as a continuous line for comparison. Open circles
refer to carrier concentration on samples implanted solely

In Fig. 2 we report the carrier concentration profiles aswith the dopant, while closed circles are the results after the
obtained by SRP for a 4-MeV 3:310" Er/cn? implantation ~ additional Er implant and annealing.

A. Carrier concentration
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FIG. 3. Carrier concentration profiles as measured by spreadinp FlG' 4. Carrier cc_mcentration profiles as me_asured by spreading
resistance for CZ-Si~4 () cm n-type samples implanted with P esistance for CZ .S'V4Q cm p-éype samples 'm'?'a”ted with B
(O) to concentrations of % 10%cm® (a), 1x 10" /cm® (b) and 4 (><Ol)0167l/t ggncentragloln; f(;ﬂfln?gl /((j:rrFM(ag.,fsxlol /cfm; (), 6

x 10/cm® (c). Modification of the carrier concentration profiles ¢ .(C)' and L. ¢ () odi |cat|on§ oft € carner
after additional implantation with 4-MeV 3810 Er/cn? is also concentgatlon profiles after additional implantation with 4-MeV
shown(®). The Er chemical profile as obtained by SIMS analysis i53'3><.101 Er/cn? is also s_,hc_)wn(O). The Er chemlcal prc_;ﬂle as
reported as a continuous line. obtained by SIMS analysis is reported as a continuous line.

Figure 3 reports the data on samples ig‘ which an almostemainedp-type and no junction on-type region exists.
constant _concentration 70f P of x410'%cm® (@), 1  Note, however, that the decrease in hole concentration is not
x10/c® (b), and 4x 10"/cr (c) has been realized. The he same in all samples and does not correspond to the Er

additional Er implants slightly modify the total carrier con- donor concentration. For instance. fox 0 B/en® the de-
centration, which is seen to increase in all of these sample ' \

. Crease is by~5x10%cm?, for 3x 107 B/en® it is by

(a; a result_ of a sum of donors introduced by P and by I_Er ~2.5x107/cn?, and for 6x107 Blen® it is by ~4
This effect is very clear for the lowest P concentration Whl|e><1017lcm3 This suqaests that the observed effect. rather
it is less evident as the P concentration increases. In all cas%s bei ' q | 99 il . ’
Er is embedded im-type regions with almost constant car- than being due only to a partial B compgnsatlon cau_sed by
rier concentrations within the region where Er sits. Moreoverthe d9“°r character of Er, could be _assomated_, es_peC|aIIy for
three different carrier concentratiofspanning one order of the higher B goncentratlons, to partial B deactivation cau_sed
magnitudg are obtained. Therefore these samples represent?y the formation of Er-B complexes. As the B concentration
good set to study the role of electrons on Er deexcitatiodncreases, the amount of Er-B complexes also increates
processes. activating B and their maximum amount corresponds to the

The situation is more complicated jntype samples. Fig- Peak Er concentration~4x10'/cn?). This scenario is
ure 4 shows the hole concentrations on four samples imalso confirmed by the photoluminescence measurements on
planted with constant B concentrations ok30'%cm® (a),  these samples that will be presented in Sec. IlI B.
3x10Yem?® (b), 6x10/cn?® (c), and 1.4 10%¥cm® (d) In spite of the nonuniform hole profiles, the samples that
prior (open circles and after(solid circles Er introduction. we have prepared represent a set in which Er is completely
The presence of Er produces a dramatic modification in thembedded ip-type Si(no n-type region or junction exist
hole profiles with a large reduction in the regions of the Erand it experiences an environment with the free-hole concen-
peak. This effect is particularly strong for the lowest B con-tration varying by several orders of magnitude in the differ-
centration (5< 10'® B/cm®) for which the hole content in this ent samples. This set of samples can therefore be used to
region is decreased by 4 orders of magnitude. It is importanstudy nonradiative deexcitation processes df Es a func-
to note that, in spite of this reduction, all of these samplegion of hole concentration.
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FIG. 5. Photoluminescence spectra for the samples implanted FIG. 6. Time decay of the 1.5§m luminescence in the sample
with 4 MeV 3.3x 103 Er/cn? and different P(a) or B (b) concen- co-implanted with 4 MeV 3.3 10'2 Er/cn? and several Ra) or B

trations. Spectra were taken at 15 K and at a pump power of 20€P) concentrations. Data are taken at 15 K after shutting off a 1-mwW
mw. pump pulse and are normalized to the initial value.

B. Photoluminescence at ~1.5um have been performed at 15 K in these samples

Figure 5 shows the photoluminescence spectra for thand the results are reported in Fig. 6. The measurements
samples coimplanted with Er and(B or B (b) at different have been performed with a pump power of 1 mW to have a
doping contents. Spectra were taken at 15 K and at a pumipegligible contribution of the electrons and holes generated
power of 200 mW. by the laser beam. The PL intensities are normalized to the

In the case of phosphorus doping the PL spectra show thigitial value after the pump pulse was shut offtat0. It is
typical signal of E?" with the most intense peak at 1.538 interesting to note that there is a clearly different effect of the
um and some other peaks at higher wavelengths. Thesgopant concentration on the time decay curves obtained in
peaks are all related to transitions among thg,,and %5,  n-type (&) and p-type (b) Si. In fact, the PL signal in the
multiplets of EF* resulting from the splitting of the degen- n-type material decays very rapidly with P concentration.
erate levels caused by the interaction with the crystallinelhe lifetime of the excited state is 50@s for 4
field. The most intense signal is observed for the lowest P<10'® P/cn? while it decreases to~100us at 4
doping level with the intensity decreasing as the doping isx 10*” P/cn?. This means that in these samples strong non-
increased. This suggests that, even at this low temperaturegdiative decay processes are present even at very low tem-
doping plays a role on the excitation and deexcitation properatures. The PL sighal decays much more slowly-type
cesses of Bf. Si. For instance, at % 10'® B/cn® we obtain a PL lifetime of

In Fig. 5b) spectra for different B concentrations are ~2 msec at 15 K. This lifetime is, to our knowledge, the
shown. First of all it is clear that the PL intensity is much longest ever observed for Er in Si and very likely it corre-
higher with respect to the previous cdgete that the vertical sponds to the spontaneous radiative decay. As the B concen-
scales of Fig. &) and Fig. %b) are different. In the sample tration is increased the lifetime decreases and reaches a value
with 5x 10'° B/cn® the shape of the spectrum is similar to of ~150us at 1.2 10*® B/cm®. Since at 15 K free carriers
those reported fon-type Si with the most intense peak at are frozen, these measurements demonstrate that bound holes
1.538 um. As the B concentration is increased, however,and bound electrons play a role in quenching the lumines-
another peak at 1.5mm takes over and eventually it be- cence of Er in Si.
comes the dominant peak at the highest B values. This clear Auger processes with bound carriers to shallow donors
change in the shape of the PL spectrum is an indication thatave been previously observed forGdn CdF,,*® Mn?" in
the surrounding of the emitting &r centers has changed. CdFR,,*” and YB" in InP3®2° and they have been theoreti-
This observation in the case of B doping had been previouslgally discussed by Langéf:"*°They consist in a nonradi-
made by Michelet al!® and strongly supports the idea that ative relaxation of the excited impurity center with the en-
Er-B complexes formed with a consequent B deactivation. ergy given to the bound electron.

In order to understand the role of doping on the lumines- Though the theory of energy transfer to bound carriers
cence of Er in Si, PL time decay measurements of the signaloes not lead to a simple final formula, in order to have a
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FIG. 7. Reciprocal of the time decay of the 1.a# lumines-
cence for Er im-type andp-type Si as a function of PB) concen-
tration. Data are extracted from Fig. 6.

figure on the strength of this effect we have used the data of
Fig. 6 to calculate the effective Auger coefficieqg . and

Ca b for localized bound electrons and bound holes, respec-
tively. In Fig. 7 we report the reciprocal of the time decay at

1.54 um as a function of P.or B concentration, fDFtype 77 K in samples coimplanted with 4 MeV 330" Er/cn? and
andp-type samples, respectively. In the (?asepdjlpe Sithe  several P concentratior(s). The time decay curves measured at
horizontal scale has been chosen by taking into account onlitterent temperatures in the sample co-implanted with Er and 4

those B atoms not embodied into Er-B complexes. Their 10 p/cn? are also reportedb). Data were taken at a pump
concentration has been assumed equal to the concentrationgfwer of 1 mw.

free holes measured by spreading resistance at room tem-

perature. Furthermore, since as shown in Fig. 4 the hole COQi'onS' (@) at a fixed temperature and as a function of dopant
centration is not constant in the sample, the value corre;_ "~ b P

sponding to the position of the Er peak concentrations ha(sand hencg free carr&aconcentratlon(b) at a fixed dopant
been shown. This choice was motivated by the fact that iconcentra\tlon as a function of temperature. We have used
each sample the minimum concentration of free B in eac%’Oth of these two methods and for batRype andp-type

sample corresponds to the position of the Er peak concentri’-‘”‘mples' The results are summanz_ed on Fig. 8 and Fig. 9 for
Nn-type andp-type samples, respectively. All data were taken

tion. Hence, in the luminescence yield the tails of the profile .
give a minor contribution both because the Er content i tl mW to reduce the effect of free carriers generated by the
umping laser beam.

small and because the nonradiative deexcitation process In the n-t terials all of the d q
there are more efficient. As a result of these considerations, - "€ N-yPe Mateniais all ot the decay curves measure
t 77 K for samples containing different P concentrations

most of the signal in these samples comes from the peak df. . - :
9 P P ig. 8@)] are resolution limited, suggesting that free elec-

theTFr)\reoZIaetsé show a linear trend according to the expressioHr.OnS introduqed in the cg_pducti_on band pro_duce avery effi-
1/r=Cup N, N being the shallow level concentratidR or Z'em quenching of the luminescence via an Impurity
B). The slopes give an effective Auger coefficieds p. uger proc%ss. rITfﬁnow we keep the P concentration fixed
—1.9x10 Ycmes ! and Cppp=6.5<10 15 ces for [e.g., 4x 10 P/cn?, see Fig. )] gnd S|OW|y release elec-
bound electrons and bound holes, respectively. Auger dee%[onS to the conduction band by increasing the temperature
citation with bound carriers is therefore slightly stronger for rom 15 K step by step, we obgerve that the time decay
bound electrons with respect to bound holes. These data Wiﬂecreases very fast upon Increasing temperature and already
be compared with the Auger coefficient with free carriers. dpproaches the system response time at temperatures above
55 K. These data confirm the relevant role of free electrons
on EP' luminescence quenching. Note that quantitative in-
formation on the Auger process strength can only be ob-
We have also characterized the nonradiative decay of exained from the data of Fig.(B).
cited Er ions due to an Auger process with the energy trans- The situation appears to be different jntype material
ferred to free carriers. As soon as the temperature is intFig. 9), where the effects of both temperature and dopant
creased above 15 K, shallow donéeos acceptorsionize and  concentration on time decay appear to be much weaker.
free carriers are introduced in the conducti@n valencgé  Time-decay curves at 77 K slowly decrease as a function of
band. The Ef" Auger deexcitation with free carriers can B concentrationFig. 9a)] and only approach the system
therefore be characterized by measuring the decay lifetimegsponse timetaa B concentration of 1.210'%cm?. Fur-
after excitation at low pump powers, under different situa-thermore, time decays for a sample doped with 3

Time (ms)

FIG. 8. Time decay of the 1.54m luminescence measured at

C. Auger deexcitation with free carriers
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4 MeV 3.3x10" Er/cm? 8(b) and Fig. 9b) as a function of temperature. It is interest-
—— ing to note that the two samples we are compar{dg
1.2F 0 510" B/cm? 3 X 10 P/cn? and 3x 10t B/cn), in spite of the different
X = 3x107 B/om’ (@ 3 doping concentration, are characterized by a similar carrier
1.0 —6x10'" B/cm e . . .
B A 1.2¢10" B/em? 1 (electrons or holgsconcentration in the Er peak region at
0.8 [§ &, — ~System response 1 room temperaturésee Figs. 3 and)4 The data of Fig. 10
> R Ty clearly show that the lifetime decreases much fasteriype
‘n 0.6 . . . ..
2 - Si than inp-type Si as the temperature is increased, suggest-
g 0.4F ing that nonradiative decay processes are either more severe
N oaf or set in at a lower temperaturesrirtype material.
o 7 R SRR o If the process responsible for the fast quenching of the Er
Qoo b e 1 PL is an Auger with free carriers, we expect to have for
= S 15K ) n-type andp-type materials, respectively,
& 10k 1T mwW ]
ZB 08 E E=i+C n (1a
: g T T e
0.6 -
1 1 1
o 2= 7+ Canp. (1
02 F o
N SR AL ey whereris the PL decay lifetimer, the lifetime when carri-
0.0 0.5 1.0 1.5 ers are frozenC, . andC,  the Auger coefficient for elec-
Time (ms) trons and holes, and andp the free-electron and free-hole
concentrations.

FIG. 9. Time decay of the 1.54m luminescence measured at  The release of free carriers from shallow levels is ap-
77 K in samples co-implanted with 4 MeV 3<@0' Er/cn? and proximately described by

several B concentration@). The time decay curves measured at
different temperatures in the sample co-implanted with Er and 3

X 10" B/em?® are also reportedb). Data were taken at a pump n= k3 (NgN,) 2 ex;{ - i>, (2a)
power of 1 mW. V2 2kT
x 10" B/cm® exhibit no change from 15 K up to 40 K and 1 €4
only at higher temperatures are seen to decrfgise 9b)]. p= > (NaN,) 2 exr( ~okT) (2b)

At 130 K the lifetime is~100us and only at higher tem-

peratures does it become resolution limited. Note that fo(/vhereNd (N,) is the concentration of donofacceptor N
p-type samples information of the Auger strength can be(Nv) is the density of states in the conductiovalence

obtained from both Fig. @) and Fig. 9b). band. and: is th f the shallow d ~
In order to understand the reasons for the different beha%bar;] |évaer:_ a(2a) is the energy of the shallow donaccep

ior in p-type andn-type samples we have reported in Fig. 10 By putting together Eqg1) and(2) one expects that, if

the lifetime 7 as extracted from the fits to the data of Fig. versusT is dominated by an impurity Auger effect with free

800 carriers, its temperature dependence will be approximately

i e 3x10"7 B/cm?® 1 1 ®)

=
600 B 0 4x10"® P/cm® ] U7+ A exp—el2kT)

] where A is a constant ana is the energy of the shallow
donor (acceptoy.
It is interesting to note that data in Fig. 10 can be nicely
- described by Eq(3) with activation energies of 20 meV for
1 n-type Si and 45 meV fop-type Si(continuous lines The
energy of 45 meV corresponds exactly with the acceptor
level of B in Si, suggesting that the observed phenomenon is
i indeed a nonradiative Auger deexcitation of thé"'Eions
L & = 20 meV . with holes in the valence band. More intriguing are the data
OO ——— 5'0 ——— 1('30 ———"5 of n-type Si since also the donor level of P has an energy of
Temperature (K) 45 meV while time decay shows an activation energy of 20
meV. Indeed, it is known that Er in the presence of oxygen
FIG. 10. Lifetime of the E¥" excited stater as extracted from acts as a donor introducing a shallow levet&20 meV** It
the data in Fig. &) and Fig. 9b) vs temperature. Continuous lines is clear that electrons bound to this level will thermalize to
show that the deexcitation occurs with well-defined activation enthe conduction band at temperatures much lower than those
ergies associated with free carriers release from shallow levels. bound to P. Therefore we attribute the temperature depen-

200
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1.2x104 r—m—m———pm—— T 1 1

Cre=—— 4

O p — type (from Figure 9a) e L 4No
ra

1.0 o p - type (from Figure 10)

4 n = type (from Figure 10) where 7,4 is the radiative lifetime of the impurity under

~08 ] investigation and, a critical concentration given by
lf/) :
~ 0.6 N 1/2
- 1 Mo -
~ ] No=4mn%| — 137a,| Ay "2, (5)
= m
0.4

wheren, is the refractive index of the host matrimg and
m* are the electron mass and the effective mass, respec-
P S N E tively, ag is the Bohr radius, anil, is the wavelength of the
0.0 0.5 1.0 1.5 2.0 impurity emission. In the case of Er in Si, using,;=2 msec

Free carrier concentration (cm™) ¥ we obtain ny=7x10"cm™® and therefore Cpo~7
x10 ¥ cm¥/s in good agreement with our experimental
findings. A similar value was recently estimated, on the basis
of the free-carrier concentratiqas obtained by calculatiopsData of experimental results, for Er deexcitation with free elec-

27
for both electrons and holes are shown. An Auger coefficient OIIronS. b.y Palmet al. - -
4.4x10" 13 cmPs s obtained from the slope. It is important to note that the Auger coefficient with free

carriers is 2 orders of magnitude higher than that with bound

o _ _ carriers as theoretically predicted for other systéffs.
dence of then-type data in Fig. 10 to the impurity Auger

effect with free electrons released directly by Er donors.
These observations clarify the different behavior of'Er
in n-type andp-type Si. In fact, in both cases nonradiative  The data reported in the preceding sections have several
Auger deexcitation with free electrons or holes occurs. Howimportant implications. First of all they demonstrate that
ever, inn-type Si the effect appears particularly severe be+there is a strong coupling between free carriers and Er. On
cause electrons thermalizing from Er donors start to be reene hand this produces Auger deexcitation of excitetf Er
leased at very low temperatures affecting the PL lifetime. Inwhile on the other it suggests that also the reverse process,
p-type Si part of the B is deactivated by the presence of Ei.e., impact excitation of the Er from energetic carriers,
strongly reducing the concentration of acceptor levels; moreshould be highly probable. We can calculate the cross sec-
over, due to the B energy level, holes are released to theéon for Auger deexcitation asy=Cp ¢/vth, vy being the
valence band at higher temperatures and hence the nonradiiermal velocity. We obtaimra~5x 10 2% cn. It is inter-
ative deexcitation of Ef becomes severe only at higher esting to note that this value is three orders of magnitude
temperatures. smaller with respect to the measured cross section for impact
The data of Fig. 8 and Fig. 9 can be used to obtain axcitation of Er in S{y,,~6x10"* cn? (Ref. 25]. This is
quantitative estimate of the Auger coefficient of theé”'Er unexpected since the two processes seem to be just the re-
deexcitation with free carriers. In order to do this we haveverse of one another. On the other hand while deexcitation
calculated, according to Ega) and(2b), the concentration always involves a transition from th# 5, to the #1 ;5, state,
of free electronstholeg for each temperature and dopant impact excitation with sufficiently energetic electrons can
concentration at which measurements reported in FigfdtO involve transitions from the ground statél {z,) to any of
n-type andp-type S) and Fig. 9a) (for p-type S) were the higher state€,s,. %111, *lg, €tc), provided that car-
performed. In the case of-type Si the presence of both Er riers are hot enough. A fast nonradiative deexcitation from
(4x 10*%cm?® with a level at 20 meV from the conduction the excited state to the first excited state will then occur. The
band and P(with a level at 45 meY has been taken into cross section for impact excitation represents then the inte-
account. Inp-type Si only the B atoms not embodied into gral of the cross sections of several different transitions. To-
Er-B complexegas extracted from spreading resistance pro-gether with this observation it should be noted that the cross
filing at room temperatujehave been considered. In Fig. 11 section for impact excitation and Auger deexcitation is also
we report the reciprocal of the time decay as a function oproportional to the density of states in the correspondent final
free-carrier concentration for both (open triangles and  carrier configuration. Hence impact excitation is proportional
p-type Si. Forp-type Si, data from both Fig. 1@solid to the density of states close to the bottom of the conduction
circles and Fig. 9a) (open circles are reported. It is inter- band while Auger deexcitation is proportional to the density
esting to note that all of the data for both electrons and holesf states~0.8 eV above the bottom of the conduction band.
lie on a single straight line with an Auger coefficie@l .  The former is higher than the latter. These observations can
=Can=(4.4x2)x10 BcmPs ™™ explain why o,™>0s. The implications of this result are
Auger deexcitation to free carriers has been describegnormous. In factg,,= o would have implied that popu-
theoretically by LangéP3"“°and Allerf? and it has been lation inversion by impact excitation is impossible since very
observed in several systefls$374344 According to the high excitation rates necessarily imply also very high deex-
Langer theory the Auger coefficient in E(L) has the fol- citation rates and, at most, only half of the Er could be ex-
lowing expression: cited, thus not allowingalso in principle laser operation.

0.2 b Ch = 4.4x107"° cm® 7

FIG. 11. Reciprocal of the decay lifetime of the PL signal at
1.54 um (as obtained by fitting the time-decay curvas a function

D. Implications on erbium physics and device perspectives
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4 MeV 3.3x10" Er/cm? closely related. Im-type Si the PL intensitfand the life-
10° prrmr RaE B m time) continuously decreases as the temperature is increased
from 15 K towards higher values. The lifetime, however, can
be measured up to 55 K since above it becomes resolution
limited.

In p-type Si the Er luminescence and lifetime are both
independent of temperature in the range from 15 to 40 K.
However above 40 K an initially smooth and suddenly strong
(above 130 K temperature quenching occurs. In this latter
case both luminescence and lifetime are seen to rapidly de-
crease with an activation energy of 0.15 eV. This regime is
well known and has been attributed to energy back
transfer’®?’ In particular, since Er introduces a level in the
Si band gap aE1+=0.15 eV from the bottom of the conduc-
tion band?? the extra energy necessary to complete the back-
transfer will be

{107°

107k
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aF E
10* frrrrprrrrprerr e
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AE=(Eg—Eq)—Eg=0.15 €V, (6)

—--Back—transfer

4107° whereEg is the Si band gap arig,=0.8 eV is the energy of

T Auger + back-transfer 3 the excited Er atom. Hence, the energy required for the back

N RN RN T R transfer process corresponds to the activation energy of the

0 10 20 30 40 50 60 70 observed quenching. This process severely affects the lumi-
1000/T (K™) nescence yield up to room temperature.

FIG. 12. Temperature dependence of the PL intensity at 1.54 In order to understand the behavior O.f the data in Fig. 12
um (O) and of the lifetime(®) for the samples co-implanted with it should be noted that all of the deexcitation processes _d|-
4 MeV 3.3< 10" Er/en? and 4x 10 P/cn? (a) or 3x 107 B/cr rectly affect the_ tempgra_ture_ dependence of the PL intensity.
(b). Data were taken at a pump power of 1 mW. Fits to the data byn fact, the PL intensity is given by
taking into account nonradiative Auger processdstted ling,
back-transfer proces&ash-dotted lineand Auger-back-transfer o oc —2 @)
(continuous ling processes are also shown. PL Trad

. whereNE, is the excited Er concentration al the radia-
The fact thato,> 0o, instead, demonstrates that popula- tive IifetiErhe kg

tion inversion is achievable and a laser is, in principle, fea- : L .
P P The excited Er concentration is, in general, obtained from

sible. the following rate equation:
We would like to note that the measured value of the 9 q ’
Auger coefficient has other important implications on device dNE 1
operation. In fact, w&?® have recently shown that efficient thr=oeh¢(NE,— NE) —NE, T—m+CAn+ = (8)

and fast modulating LED’s can be fabricated when exciting
the Er ions within the depletion region of a reversed biase@\lhereo-eh is the excitation cross section throug.lrh recom-
p’-n" junction. During operation the Auger quenching is pinations,¢ is the carrier fluxNg is the total Er concentra-
inhibited (W|th|n the depletion I’egio)’]but it Suddenly sets in tion, Tht is the lifetime for the back transfer processi’s the
when, at the diode turnoff, the depletion region shrinks ancjectron concentration, ang is the lifetime below 15 K due
the excited Er ions find themselves embedded in a heavilyy deexcitations with bound carriers. If the electron concen-
dopedn™ region (with 1x 10" electrons/c). The Auger tration introduced by the pumping laser is smalln Eq. (8),
coefficient we have determined now allows one to estimateng hence the Er lifetime, will be independentdafin this
that the luminescence lifetime at the switchoff of the dioderegime we can define
will be of ~200 ns and hence modulation frequencies of
~5 MHz can be reached in the present device structures. By 1 1 1
increasing the electron concentration t& 20°%cm® in the P Can+ o ©
n* side of the device, frequencies 6100 MHz are achiev-
able. This represents a quite interesting feature for device Under steady state conditions the rate equat®ryields
operation.

% Tend7

I . . . =————N 10
E. Deexcitation processes and luminescence intensity B oeppT+1  F (10

In Fig. 12 we show the PL intensity taken at a pumpand, for small pump powerss{,¢<1/7)
power of 1 mW as a function of the reciprocal temperature

for Er in bothn-type Si (4x 10' P/cn?) and p-type Si (3 NE=oond7Ng, . (11
x 10 B/cnt). In the same plot, as closed circles, we report
the measured lifetime for both sampleght hand scale In Therefore, under these conditions, the luminescence in-

both cases the PL intensity and the associated lifetime arensity is
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NE, T 4 MeV 3.3x10" Er/cm?
|PL“a:Ueh¢NEray (12 10* e
i.e., | p_is proportional to the decay time. Any change in the — porlmw ]
decay time should then be reflected in the luminescence in- T * 200 mW e s e e
tensity. 5 10°F 3
The temperature dependencies for bpthand n-type Si 2 - .
can be therefore fitted inserting in E@®) the measured Au- 2 ,o° ° ° ]
ger coefficientC,, the calculated electrothole) concentra- 2 000°° |
tion versus temperature, the measured low-temperature life- @ 3 3
time 74 and describing the back transfer as f'é i 4x10"® P/cm® 1
£ n 1
1 0.15e s | |
Tht = VWgeX KT ) (13 g_; _5
Lo oo b Lo by o by g 1y g o 7
whereW, (the rate of the back transfer processthe only 020 30 40 50 60 /0
fitting parameter. Fits to the data are also reported in Fig. 12 1000/T (K™7)

ELS a contllnuousl I(ljne ar_lrdh ShO\;V a verhy g%od a%reemgnt \é\"th FIG. 13. Temperature dependence of the PL intensity at 1.54
the experimental data. The value\, has been determine um for the sample co-implanted with 4 MeV %302 Er/cn? and

to be 1x10° s, In the same figure, for clarity, we have 4. 10 p/en? at two different pump powers: 1 m0) and 200
also reported the effect of solely the back transféot-  ny (@).

dashed lingand the AugeKdotted ling processes. It is very
clear that, in bottp-type andn-type samples, back transfer sembles that observed i-type samplegFig. 12, it has
alone cannot take into account the low-temperature quenchyeen reported several times in the literate@?’313%nd it
ing since it determines a quite sharp decrease starting froeems to be a quite common feature to all Er-doped Si
temperatures above 130 K. On the other hand Auger pl'Osamp|eS, independen[ of the way of preparation_
cesses, while describing nicely the low-temperature data, re- Some controversy still exists in the literature on the
sult in a saturation at-150 K when most of the shallow mechanism producing this quenching. It has been attributed
levels are ionized and therefore cannot explain the highereither to a decrease in the excitation cross Seaﬂgnor in
temperature quenching. Only a combination of both prothe lifetime 7.1%2%27 Indeed, |, is predicted to linearly de-
cesses gives a nice explanation of the data. pend on bothr,, and 7 [Eq. (12)]. From the data reported in

A question naturally arises. What is going to happen if werig. 12 and Fig. 13 the following conclusions can be drawn.
increase the pump power. In this case we may enter a regimg p-type samples, where the 0.15 eV Er-related level is

in which o¢p¢>1/7 and hence we will have empty, 7 is responsible for temperature quenching as also
. predicted earlief®?” The nonradiative deexcitation process
| OCN_ErZN_Er (14) is the backtransfer schematically depicted in Fi¢g).1In
Pl Tad Trad n-type Si, however, the situation is rather different. In this

case, due to the short lifetinjbelow our detection resolution
Therefore within this regime the PL intensity is not pro- limit), it has been not possible to verify whethedecreases

portional to the Er lifetime and it assumes a constant valuein a fashion similar td 5, . However, since we have observed
However, since with increasing temperaturgecreases, in a the same quenching behavior even for the sample doped with
measurement of the PL intensity versu¥ &t a fixed pump  4x 10 P/cn?, we can expect that the back transfer as de-
power, one can pass from a regime in whief,¢>1/7 (at  picted in Fig. 1a) is unlikely to occur. In fact im-type Si
low temperaturésto a regime wherer.,p<1/7 (at high the level at 0.15 eV from the conduction band will mostly be
temperatures The PL intensity versus T/reflects then two full, and hence cannot accommodate an electron coming
different regimes and special care should be taken in thérom the valence band. It has then been proptstit, al-
interpretation of the data. This effect is clearly shown in Fig.ternatively, the luminescence quenching with 0.15-eV acti-
13 where we report the PL intensity versus the reciprocavation energy might be due to a reductionapy, as a result
temperature for Er im-type Si (4x 10'° P/cn?) taken at 1  of the thermalization of an electron from the Er-related
mW and at 200 mW. The two temperature dependencief.15-eV level in the band gap to the conduction band. This
show a completely different behavior. In fact, at 1 mW thereprocess clearly affects the excitation efficier{bging exci-
is a continuous decrease in intensity as a result of dondiation related to the recombination of an electron in this level
ionization and nonradiative Auger deexcitation with freewith a hole in the valence bapdMoreover, also this process
electrons. The PL intensity is then seen to vary by 2 orders af thermally activated with an activation energy of 0.15 eV.
magnitude between 15 and 100 K in a fashion similar to the We would like now to show that these two different
lifetime. In contrast, at 200 mW the PL intensity decreasegoints of view can be indeed reconciled. If we arepitype
only by less than a factor of 3 in the same temperature rang&i the 0.15-eV level is empty and thus the back transfer
At higher temperatures, however, a strong decrease in the Rirocess can occur. However, if the electron remains trapped
intensity occurgwith an activation energy of 0.15e\) and  in the Er-related level, Er excitation will occur again and the
the intensity is seen to decrease by 2 orders of magnitudeack transfer process would have had no effect. In order for
between 100 K and room temperature. This decrease réhe back transfer to be completed, thermalization of the elec-
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re-excitation occurs restoring electron thermalization FIG. 15. Photoluminescence intensity at 1,5 measured at
the initial situation completes the back-transfer 15 K as a function of pump power for Er-doped (&). The pump

power dependence of the excitation efficie€y), internal quan-
um efficiency (A), and external quantum efficiend@®) as ex-

FIG. 14. Schematic picture of the back transfer pro¢esand t
r}(reacted from(a) are shown inb).

of the two possible processes that may occur after Er gives back t

energy to the Si matrix(b) the electron in the Er-related level

recombines with a hole in the valence band causing the reexcitation

of Er; (c) the electron in the Er-related level thermalizes in theinto account the probability that an Er atom, once excited,

conduction band and cannot excite Er. decays radiatively. Finally we have the external quantum ef-
ficiency, taking into account that, due to the difference in

tron in the trap level to the conduction band should necesrefractive indices between Si and air, only a fraction of the
sarily occur. In this case the electron will become delocalizedmitted photons is able to exit from the sample.

and the excited Er atom will be lost forever. The entire pro- We have measured the pump power dependence of lumi-
cess is depicted in Fig. 14. Indeed, the direct evidences of theescence yield and time decay for Er (8.80" Er/cn?) in

back transfer are all based on the generation of a photocuBi at 15 K for powers between 10W and 200 mW. The
rent in Er-doped reverse-biased diodes irradiated at 1.5data of luminescence yield versus pump power are reported
um 2829 demonstrating that the back transfer is alwaysin Fig. 15a). From these measurements the different effi-
coupled to thermalization. Therefore, back transfer and therciencies were derived by making comparison with an Er-

malization represent indeed a single quenching process. implanted SiQ sample in which excitation by direct photon
absorption occurs with a well-known cross sectionogf,

o » =8x10 %' cn?.*® In the calculation differences in the re-
F. Excitation and quantum efficiency fractive indices between Si and Si@vere taken into ac-

All of the nonradiative deexcitation processes that wecount, lifetimes for the two samples were measured, and ra-
have investigated in this paper tend to decrease the luminegdiative lifetimes of 15 and 2 ms were assumed for Er in ,SiO
cence efficiency for Er in Si. Efficiency is also affected by and in Si, respectively. Finally, for Er in Si it was assumed
those processes produciagh recombinations not ending up that each photon from the pump laser generates-arpair.
in Er excitation. We have seen that increasing the temperaFhe results are reported in Fig. (b. It is interesting to note
ture nonradiative deexcitations increag®uger and back that at low pump powers the excitation efficiency for Er in Si
transfej and also excitation is affectgélectron thermaliza- is 10%. This is evidence that at low temperatures and low
tion). The question is now what is the efficiency of the over-pump powers competitive phenomena are not so important
all process under the best conditidine., low temperaturgs and a large fraction ok-h pairs produces Er excitation.
We can define three different efficiencies. The first one is théMoreover, at low pump powers nonradiative decay processes
excitation efficiency, which is the ratio between the Er exci-are strongly reduced. If the measured 2-ms decay time cor-
tations occurring per unit area and time and &é pairs responds indeed to the radiative lifetinfess we are assum-
generated per unit area and time. Therefore this is a monitdng), then nonradiative processes are totally inhibited and
of the probability of exciting Er. The second one is the in-also the internal quantum efficiency is 10%. This is a direct
ternal quantum efficiency defined as the photons emitted bproof that Er luminescence in Si can be a very efficient pro-
Er per unit area and time divided by tkeh pairs generated cess under appropriate circumstances. Note that this process
per unit area and time. Therefore this efficiency takes alsin Si is orders of magnitude more efficient than in §i@he
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internal quantum efficiency for Er in Si@t an equivalent Er  excitation through this process has been evaluated to be
dose (3.X102 Er/cn?) would have been of only 2.5 ~3x10 '*cn? i.e., 7 orders of magnitude higher than di-

X 10" 7. The very high efficiency of the luminescence of Er rect photon absorption. This value is even higher than the
in Si is the result of an extremely efficient excitation. Indeedcross section for excitation through impact with hot carriers

from these data we can estimate a cross section for excitatioy,,~6x 10 1" cm?) suggesting that excitation of Erin Si

through the formula is a very efficient process. Indeed, at low temperatures,
where nonradiative deexcitation processes are inhibited, the

_ T internal quantum efficiency of Er luminescence in Si can be

”‘_Ueh(ﬁE’aﬂ' (15 as high as~10%. However, as soon as the temperature is

. ) o ] increased, several competing nonradiative processes take
where 7; is the internal quantum efficiency,, is the cross  place. Among them we have identified the following.
section for excitation throughk-h recombinations mediated (i) An Auger process with free electrons and free holes

by an Er-related level in the gap. adg, is the areal density  qominating the quenching behavior at temperatures below
of Er. We obtainoe,=3%10 1° cm?. This value is much ~120K and having an Auger coefficient of~5

higher than that obtained for impact eXCitatiO”xlO‘“cm?/s.

s —17 26t i i ;
(0imp~6 10" cn¥). ** It is interesting to note that we have (i) An Auger process with localized electrons or holes

6 i i -
g;ﬁggﬁET;:psgéeﬁég?sp:;dfo?é‘] thlar:nfgé\;\::{f:eblsrfgdvsg Ob_that determine the nonradiative deexcitation processes at
tained a value of 6810 22 cis. From the Auger coeffi- very low temperaturetoelow 15 K) and exhibiting an effec-

cient measured in the present paper we can now estimate th ? Auger coefficient 2 orders of magnitude lower than that
the lifetime of the excited Bf is ~200 ns in a device struc- ©' 'T€€ carrers. o

ture having 18 electrons/cth We can therefore extract _ (i) An energy back transfer process, dominating quench-
oor~3X10 15 cn?. It is certainly noteworthy that similar N9 behavior at temperatures above 20 K, consisting of 2

cross sections have been obtained from independent sets $£PS: @ promotion of an electron from the valence band to an
data in photoluminescence and forward bias electrolumined=" related level plus electron thermalization to the conduc-
cence. The excitation cross section foPEin Si through  tion band.
carrier-mediated recombinations is about 7 orders of magni- The strength of all of these nonradiative processes is cru-
tude higher than that for EF in SiO, through direct photon cially dependent on temperature, carrier concentration, and
absorption. Er electrical behavior. Hence the pathways towards high ef-
In principle these data would suggest that, with;, ficiency of Er luminescence in Si requires properly engi-
> oimp™> 0pn, the most efficient way for pumping Er is under neered Er sites and/or proper device structure to reduce or
photoluminescence or forward bias electroluminescence. Imhibit these nonradiative processes. For instance, in photo-
contrast, it has been demonstradfed that reverse bias elec- luminescence and forward bias electroluminescence, in spite
troluminescence is by far more efficient. This is due to theof the high excitation cross section 30 ° sz) both Au-
fact that, despite the smaller excitation cross sectigpd),  ger processes with free carriers and energy back transfer will
under reverse bias Er is pumped within a depletion regiofesult in a strong temperature quenching limiting room-
where Auger processes with free carriers are inhibited. |ﬂemperature performances_ On the other hand, pumpmg
contrast, under forward bias in spite of the higher excitationhrough impact excitation in a depletion lay@r reverse bias
cross section dp,), Er is excited in a region full of free electroluminescengeallows one to reduce the background
carriers and nonradiative phenomena make the overall lumfree-carrier concentration during pumping, thus limiting non-
nescence process less efficient. radiative Auger processes. Therefore, in spite of the lower
Figure 15 also shows that the efficiencies decrease witBxcitation cross section (610~ cn) the overall room-
increasing pump power. This is not surprising since severalemperature efficiency is higher in this last case. Moreover,
competing phenomena set in as the power is increased. Firager nonradiative deexcitation can be advantageously trig-
of all, due to the limited amount of Er atoms;h recombi-  gered in at the turnoff of the diode, allowing one to achieve
nation routes not producing Er excitations become increasmodulation of the light emission at frequencies up to 100
ingly more important. Furthermore, as the density of injectedviHz. These results open new perspectives in both under-
carriers increases, nonradiative Auger deexcitations will tak@tanding and applications of Er-doped silicon.
place, further decreasing the overall efficiency.
The main message, however, is that under appropriate
conditions the 1.54:m luminescence of Er in Si can be an ACKNOWLEDGMENTS
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