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Excitation and nonradiative deexcitation processes of Er31 in crystalline Si
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A detailed investigation on the excitation and deexcitation processes of Er31 in Si 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 preparedn-doped orp-doped regions. Multiple P~B! implants were
performed inn-type ~p-type! Czochralski Si samples in order to realize uniform dopant concentrations from
431016 to 1.231018/cm3 at depths between 0.5 and 2.5mm below the surface. These samples have been
subsequently implanted with 4 MeV 3.331013 Er/cm2 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 intensity at 1.54mm.
These phenomena are produced by Auger deexcitation of the Er31 intra-4f electrons with energy transfer to
free carriers. The Auger coefficient of this process has been measured to beCA;5310213 cm3 s21 for both
free electrons and free holes. Moreover, at 15 K~when the free carriers are frozen and the donor and acceptor
levels occupied! the Er31 time decay has been found to depend on the P~or B! concentrations. This is
attributed to an impurity Auger deexcitation to electrons~or holes! bound to shallow donors~acceptors!: 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 above 100 K a nonradiative back-transfer decay
process, characterized by an activation energy of 0.15 eV, is seen to set in for bothp-type 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 of 3310215 cm2 and able to provide an internal quantum efficiency
as high as 10% at low temperatures~15 K! and pump powers~below 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.@S0163-1829~98!01008-X#
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I. INTRODUCTION

Silicon is the leading semiconductor in the microele
tronic industry. In fact, due to its mature processing techn
ogy and to the continuous improvements in the scale inte
tion, this semiconductor is able to satisfy the increas
demand for higher complexity integrated circuits. There is
doubt that the silicon technology will dominate the semico
ductor market for at least two more decades. At the sa
time optoelectronics, especially optocommunication, has
tered a long term growth phase. Due to its indirect band
and to the absence of linear electro-optic effects, Si has b
considered unsuitable for optoelectronic applications that
main the domain of III-V semiconductors and glass fibe
570163-1829/98/57~8!/4443~13!/$15.00
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Several applications, such as optical interconnections at
chip-to-chip level, require integration of electrical and op
cal functions on the same device.1 One way to fulfill these
requirements is to combine the optical properties of III-
with the electronic performances of crystalline silico
through an hybrid integration. Alternatively, several a
proaches have been undertaken to circumvent the phy
inability of Si to act as a light source.2 Among them porous
Si,3 Si-rich silicon oxide,4 Si12xGex heteroepitaxy on Si
~Ref. 5! and rare-earth doping of Si~Refs. 6 and 7! have been
considered so far the most successful.

In particular, Er doping of Si has recently emerged a
quite promising route towards Si-based optoelectronics.6–34

Erbium is a rare earth, which, in its 31 state, is characterized
4443 © 1998 The American Physical Society
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by a radiative intra-4f shell atomiclike transition emitting
photons at 1.54mm, a wavelength that is strategic in tel
communication technology since it matches a window
maximum transmission for the silica optical fibers. The
troduction of Er in Si would in principle allow electroni
excitation of the 4f transition through a carrier-mediate
process with a subsequent radiative deexcitation. Indeed
first Er-doped light-emitting diode~LED! operating at 1.54
mm has been demonstrated more than one decade ago9 at 77
K. However, the achievement of room-temperature lig
emission has been hampered for a long time by a str
temperature quenching. The important potential applicati
of this process have driven worldwide an increasing inte
on the understanding of the Si: Er system and we have
gained a huge amount of information leading to the fabri
tion of room-temperature operating LED’s.10–13For instance,
we have learned that O or F co-doping produces Er-impu
complexes,14–16 avoids Er precipitation and segregation,17,18

enhances the Er luminescence,15,19 and reduces its
quenching,20 modifies the deep-level properties of Er
Si,21,22 and produces a donor behavior.23 Moreover, the ex-
citation and deexcitation processes of Er in Si have b
investigated. It has been shown that in photoluminesce
~PL! Er is excited through the recombination of photogen
ated carriers at a deep level introduced by Er in the band
of Si ~probably a level at 0.15 eV from the conduction ba
is responsible for excitation!.19,24 In a diode structure unde
forward bias the Er excitation process is the same as in
while under reverse bias excitation is produced by impac
hot carriers within the depletion region of the device.25 Once
excited deexcitation can occur either radiatively~with a life-
time of about 2 ms! or through competing nonradiativ
paths. An understanding and control of the competing n
radiative deexcitation routes represent a crucial step tow
the improvement of luminescence efficiencies.

Among the different nonradiative processes the b
transfer and the impurity Auger with free carriers have be
recently recognized as the most important decay process
competition with spontaneous radiative emission.20,26–27The
back transfer process is schematically depicted in Fig. 1~a!:
the excited electron in the 4f shell of the Er31 ion can decay
nonradiatively by promoting an electron from the valen
band to an Er-related level in the Si band gap. Note that
process is exactly the reverse of excitation, hence the n
back transfer since the energy is transferred back through
same path. The extra energy required to complete this
cess (DE) is given by phonons, hence this deexcitation
expected to be thermally activated. Moreover, it is necess
that the Er-related level is empty to allow the promotion
an electron: therefore the occupation probability of this lev
i.e., the position of the Fermi level, should play a crucial ro
in determining the effectiveness of this process. The Au
impurity deexcitation with free carriers is depicted in Fig
1~b! and 1~c! for electrons and holes, respectively. In th
case deexcitation of the excited 4f electron occurs by giving
the energy to an electron in the conduction band or to a h
in the valence band. This process resembles the opposi
impact excitation from hot carriers. Deexcitation probabil
is proportional to the concentration of free electrons~or free
holes! and hence also this process depends on the positio
the Fermi level.
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These two deexcitation processes have been recently
plored and some interesting features have b
identified.25–29 For instance, the back transfer has been ve
fied by photocurrent measurements in Er-doped reverse
ased diodes irradiated at 1.54mm ~Ref. 28! and by spectral
response in Er-doped solar cells,29 while the impurity Auger
effect has been studied in Er-doped Sip-n junctions27 and
used in reverse biased LED’s to achieve a fast switching
the electroluminescence signal.25,26 However, a complete
characterization of these phenomena is still missing. In p
ticular, since both processes critically depend on free e
trons and/or holes, an appropriate study has to be don
almost constant carrier concentrations. Such a study is la
ing in the literature since the Er donor behavior results i
free-carrier concentration varying along its profile.

The situation is even more complicated inp-type material
since the Er introduction produces compensation and for
tion of p-n junctions, so that, in the very same sample,
atoms inp-type Si, inn-type Si, and in depletion regions ar
simultaneously present. The resulting luminescence beha
reflects all of these contributions: hence, nonradiative p
cesses vary with the position of the Er site within the sam
and it is therefore difficult to interpret the data. Finally, th
role of bound carriers on the luminescence of Er in Si h
never been properly assessed.

In the present paper we investigate in detail the excitat
and deexcitation processes of Er31 in Si doped with various
concentrations of P or B. The doping is performed in suc

FIG. 1. Schematic representation of several possible nonra
tive deexcitation processes for Er in Si:~a! the back transfer pro-
cess,~b! Auger deexcitation with free electrons, and~c! with free
holes.



tra
t

ze
er

t

s
t

Er
s
er

s
of
i-

a

-
m

a

rie
on

d

r
as
n

h
de

a
p

o

e
he

a

al
s, is

Er
for

e

r,

lta-

-
ns
hat

of
s is
ds
has
xi-

nt
the

ve
the
en
n-
rted

cles
lely
the

to
ro-

by

57 4445EXCITATION AND NONRADIATIVE DEEXCITATIO N . . .
way to have almost uniform free-electron or hole concen
tions in the Er-doped region. Under these circumstances
deexcitation phenomena of Er31 involving free and bound
carriers can clearly be evidenced and quantitatively analy
The results allowed us to obtain a clear picture of the sev
deexcitation processes.

II. EXPERIMENT

Samples were prepared by performing multiple P~or B!
implants into a~100!-orientedn-type~or p-type! Czochralski
~CZ! Si substrate (;4 V cm) in order to obtain a constan
dopant concentration~ranging between 431016 and 1.2
31018/cm3! at depths between 0.5 and 2.5mm. After im-
plantation the samples were annealed at 1000 °C for 30
N2 flux in order to remove the implantation damage and
activate the dopant.

All of these samples were then implanted with 4 MeV
to a dose of 3.331013/cm2. The energy of the implant wa
chosen so that the Er profile is located in the region wh
the dopant profile is uniform. Also CZ Si substrates ofn type
and p type, ;4 V cm, without previous P~or B! implanta-
tions, were implanted with Er for comparison. The Er do
was chosen in order to have an Er peak concentration
31017/cm3 @below the threshold for the onset of Er precip
tation in CZ Si ~Ref. 30!#. After this implant the samples
were annealed at 900 °C for 30 min in N2 flux.

Chemical profiles were measured by secondary ion m
spectrometry~SIMS! using a CAMECA IMS 4f instrument.
The Er profile was measured by using a 5.5-keV O2

1

primary-ion beam and detecting the168Er1 signal. In order to
avoid interferences with the28Si6

1 signal, a high-mass reso
lution (DM /M;1/3000) was used, thus allowing minimu
detectability limits in the 1013 atoms/cm3 range.

The electrical activation of the implanted samples w
measured by spreading resistance profiling~SRP!. Samples
for SRP were beveled at an angle of 178. Spreading resis-
tance data were converted into resistivity and then car
concentration using calibrated samples and a computati
procedure by Berkowitz and Lux.35

Photoluminescence~PL! measurements were performe
by pumping with the 488-nm line of an Ar1 ion laser. The
pump power was varied between 0.01 and 200 mW ove
circular area with a 1 mmdiameter and the laser beam w
mechanically chopped at 55 Hz. The luminescence sig
was analyzed with a monochromator and detected wit
liquid-nitrogen-cooled Ge detector. Spectra were recor
using a lock-in amplifier with the chopper frequency as
reference. Luminescence lifetime measurements were
formed by monitoring the decay of the PL signal at 1.54mm
after pumping to steady state and mechanically switching
the laser beam. The overall time resolution of our system
of 30 ms. Low-temperature measurements were perform
by using a closed-cycle liquid-He cooler system with t
samples kept in vacuum.

III. RESULTS AND DISCUSSION

A. Carrier concentration

In Fig. 2 we report the carrier concentration profiles
obtained by SRP for a 4-MeV 3.331013 Er/cm2 implantation
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in n-type ~open circles! andp-type ~solid circles! ;4 V cm
CZ Si after annealing at 900 °C for 30 min. The Er chemic
profile for these samples, as obtained by SIMS analyse
also reported as a continuous line. Due to the fact that
behaves as a donor in Si, the carrier concentration profile
Er-implantedp-type Si ~solid circles! is quite complex. In
fact, it consists of ap-type region just below the surfac
followed by a p-n junction at ;0.2mm, an n-type zone
between 0.2 and 1.8mm due to the donors introduced by E
a second junction at;1.8mm, and finally thep-type sub-
strate. Therefore in the very same sample we have simu
neously Er atoms inp-type,n-type, and depletion regions.

In contrast, when implanting Er inn-type CZ Si ~open
circles!, the sample is alln-type but the free-electron con
centration profile follows that of Er so that we have regio
with different electron concentrations. It should be noted t
the maximum free-electron concentration is 431016/cm3 for
both n-type andp-type materials and is about one order
magnitude lower than the implanted Er concentration. Thi
due to the fact that the electrical activity of Er in Si depen
on the amount of O present in the sample. In particular it
been demonstrated that for Er implantation in CZ Si a ma
mum concentration of;431016/cm3 free electrons21,23 is
achieved; this electrical activity is limited by the O conte
and can be increased only by introducing more O in
substrate.23

In order to avoid the formation of junctions and to ha
almost uniform concentrations of electrons or holes in
region where Er sits, multiple P or B implants have be
performed together with the Er implant and the carrier co
centration profiles of these two sets of samples are repo
in Fig. 3 and Fig. 4, respectively. The Er chemical profiles~4
MeV 3.331013 Er/cm2 in all cases! as obtained by SIMS are
also shown as a continuous line for comparison. Open cir
refer to carrier concentration on samples implanted so
with the dopant, while closed circles are the results after
additional Er implant and annealing.

FIG. 2. Carrier concentration profiles of a 4-MeV Er implant
a dose of 3.331013/cm2 as measured by spreading resistance p
filing in n-type ;4 V cm CZ Si ~s! and p-type ;4 V cm CZ Si
~d!. Also reported is the erbium chemical profile as measured
SIMS ~continuous line!.
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4446 57PRIOLO, FRANZÒ, COFFA, AND CARNERA
Figure 3 reports the data on samples in which an alm
constant concentration of P of 431016/cm3 ~a!, 1
31017/cm3 ~b!, and 431017/cm3 ~c! has been realized. Th
additional Er implants slightly modify the total carrier co
centration, which is seen to increase in all of these sam
~as a result of a sum of donors introduced by P and by!.
This effect is very clear for the lowest P concentration wh
it is less evident as the P concentration increases. In all c
Er is embedded inn-type regions with almost constant ca
rier concentrations within the region where Er sits. Moreo
three different carrier concentrations~spanning one order o
magnitude! are obtained. Therefore these samples represe
good set to study the role of electrons on Er deexcitat
processes.

The situation is more complicated inp-type samples. Fig-
ure 4 shows the hole concentrations on four samples
planted with constant B concentrations of 531016/cm3 ~a!,
331017/cm3 ~b!, 631017/cm3 ~c!, and 1.231018/cm3 ~d!
prior ~open circles! and after~solid circles! Er introduction.
The presence of Er produces a dramatic modification in
hole profiles with a large reduction in the regions of the
peak. This effect is particularly strong for the lowest B co
centration (531016 B/cm3) for which the hole content in this
region is decreased by 4 orders of magnitude. It is impor
to note that, in spite of this reduction, all of these samp

FIG. 3. Carrier concentration profiles as measured by sprea
resistance for CZ-Si;4 V cm n-type samples implanted with P
~s! to concentrations of 431016/cm3 ~a!, 131017/cm3 ~b! and 4
31017/cm3 ~c!. Modification of the carrier concentration profile
after additional implantation with 4-MeV 3.331013 Er/cm2 is also
shown~d!. The Er chemical profile as obtained by SIMS analysis
reported as a continuous line.
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remainedp-type and no junction orn-type region exists.
Note, however, that the decrease in hole concentration is
the same in all samples and does not correspond to th
donor concentration. For instance, for 531016 B/cm3 the de-
crease is by;531016/cm3, for 331017 B/cm3 it is by
;2.531017/cm3, and for 631017 B/cm3 it is by ;4
31017/cm3. This suggests that the observed effect, rat
than being due only to a partial B compensation caused
the donor character of Er, could be associated, especially
the higher B concentrations, to partial B deactivation cau
by the formation of Er-B complexes. As the B concentrati
increases, the amount of Er-B complexes also increases~de-
activating B! and their maximum amount corresponds to t
peak Er concentration (;431017/cm3). This scenario is
also confirmed by the photoluminescence measurement
these samples that will be presented in Sec. III B.

In spite of the nonuniform hole profiles, the samples th
we have prepared represent a set in which Er is comple
embedded inp-type Si ~no n-type region or junction exist!
and it experiences an environment with the free-hole conc
tration varying by several orders of magnitude in the diffe
ent samples. This set of samples can therefore be use
study nonradiative deexcitation processes of Er31 as a func-
tion of hole concentration.

ng FIG. 4. Carrier concentration profiles as measured by sprea
resistance for CZ Si;4 V cm p-type samples implanted with B
~s! at concentrations of 531016/cm3 ~a!, 331017/cm3 ~b!, 6
31017/cm3 ~c!, and 1.231018/cm3 ~d!. Modifications of the carrier
concentration profiles after additional implantation with 4-Me
3.331013 Er/cm2 is also shown~d!. The Er chemical profile as
obtained by SIMS analysis is reported as a continuous line.
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B. Photoluminescence

Figure 5 shows the photoluminescence spectra for
samples coimplanted with Er and P~a! or B ~b! at different
doping contents. Spectra were taken at 15 K and at a p
power of 200 mW.

In the case of phosphorus doping the PL spectra show
typical signal of Er31 with the most intense peak at 1.53
mm and some other peaks at higher wavelengths. Th
peaks are all related to transitions among the4I 13/2 and 4I 15/2
multiplets of Er31 resulting from the splitting of the degen
erate levels caused by the interaction with the crystal
field. The most intense signal is observed for the lowes
doping level with the intensity decreasing as the doping
increased. This suggests that, even at this low tempera
doping plays a role on the excitation and deexcitation p
cesses of Er31.

In Fig. 5~b! spectra for different B concentrations a
shown. First of all it is clear that the PL intensity is muc
higher with respect to the previous case@note that the vertica
scales of Fig. 5~a! and Fig. 5~b! are different#. In the sample
with 531016 B/cm3 the shape of the spectrum is similar
those reported forn-type Si with the most intense peak
1.538 mm. As the B concentration is increased, howev
another peak at 1.55mm takes over and eventually it be
comes the dominant peak at the highest B values. This c
change in the shape of the PL spectrum is an indication
the surrounding of the emitting Er31 centers has changed
This observation in the case of B doping had been previou
made by Michelet al.15 and strongly supports the idea th
Er-B complexes formed with a consequent B deactivatio

In order to understand the role of doping on the lumin
cence of Er in Si, PL time decay measurements of the sig

FIG. 5. Photoluminescence spectra for the samples impla
with 4 MeV 3.331013 Er/cm2 and different P~a! or B ~b! concen-
trations. Spectra were taken at 15 K and at a pump power of
mW.
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at ;1.5mm have been performed at 15 K in these samp
and the results are reported in Fig. 6. The measurem
have been performed with a pump power of 1 mW to hav
negligible contribution of the electrons and holes genera
by the laser beam. The PL intensities are normalized to
initial value after the pump pulse was shut off att50. It is
interesting to note that there is a clearly different effect of
dopant concentration on the time decay curves obtaine
n-type ~a! and p-type ~b! Si. In fact, the PL signal in the
n-type material decays very rapidly with P concentratio
The lifetime of the excited state is 500ms for 4
31016 P/cm3 while it decreases to;100ms at 4
31017 P/cm3. This means that in these samples strong n
radiative decay processes are present even at very low
peratures. The PL signal decays much more slowly inp-type
Si. For instance, at 531016 B/cm3 we obtain a PL lifetime of
;2 msec at 15 K. This lifetime is, to our knowledge, th
longest ever observed for Er in Si and very likely it corr
sponds to the spontaneous radiative decay. As the B con
tration is increased the lifetime decreases and reaches a v
of ;150ms at 1.231018 B/cm3. Since at 15 K free carriers
are frozen, these measurements demonstrate that bound
and bound electrons play a role in quenching the lumin
cence of Er in Si.

Auger processes with bound carriers to shallow don
have been previously observed for Gd31 in CdF2,

36 Mn21 in
CdF2,

37 and Yb31 in InP,38,39 and they have been theoret
cally discussed by Langer.36,37,40They consist in a nonradi
ative relaxation of the excited impurity center with the e
ergy given to the bound electron.

Though the theory of energy transfer to bound carri
does not lead to a simple final formula, in order to have

ed

0

FIG. 6. Time decay of the 1.54-mm luminescence in the sampl
co-implanted with 4 MeV 3.331013 Er/cm2 and several P~a! or B
~b! concentrations. Data are taken at 15 K after shutting off a 1-m
pump pulse and are normalized to the initial value.



a

e
a

on
e
on
te
o

rr
ha
t
ac
tr

fil
t i
ss
io
k

sio

ee
fo
w
.

e
n
i

n
m
a

ant

sed

for
en
the

red
ns
c-
ffi-

ed
-
ture
ay

eady
bove
ns

in-
ob-

ant
ker.

of

3

at

at
d 4
p

4448 57PRIOLO, FRANZÒ, COFFA, AND CARNERA
figure on the strength of this effect we have used the dat
Fig. 6 to calculate the effective Auger coefficientsCA,be and
CA,bh for localized bound electrons and bound holes, resp
tively. In Fig. 7 we report the reciprocal of the time decay
1.54 mm as a function of P or B concentration, forn-type
andp-type samples, respectively. In the case ofp-type Si the
horizontal scale has been chosen by taking into account
those B atoms not embodied into Er-B complexes. Th
concentration has been assumed equal to the concentrati
free holes measured by spreading resistance at room
perature. Furthermore, since as shown in Fig. 4 the hole c
centration is not constant in the sample, the value co
sponding to the position of the Er peak concentrations
been shown. This choice was motivated by the fact tha
each sample the minimum concentration of free B in e
sample corresponds to the position of the Er peak concen
tion. Hence, in the luminescence yield the tails of the pro
give a minor contribution both because the Er conten
small and because the nonradiative deexcitation proce
there are more efficient. As a result of these considerat
most of the signal in these samples comes from the pea
the profiles.

The data show a linear trend according to the expres
1/t5CA,bN, N being the shallow level concentration~P or
B!. The slopes give an effective Auger coefficientCA,be
51.9310214 cm3 s21 and CA,bh56.5310215 cm3 s21 for
bound electrons and bound holes, respectively. Auger d
citation with bound carriers is therefore slightly stronger
bound electrons with respect to bound holes. These data
be compared with the Auger coefficient with free carriers

C. Auger deexcitation with free carriers

We have also characterized the nonradiative decay of
cited Er ions due to an Auger process with the energy tra
ferred to free carriers. As soon as the temperature is
creased above 15 K, shallow donors~or acceptors! ionize and
free carriers are introduced in the conduction~or valence!
band. The Er31 Auger deexcitation with free carriers ca
therefore be characterized by measuring the decay lifeti
after excitation at low pump powers, under different situ

FIG. 7. Reciprocal of the time decay of the 1.54-mm lumines-
cence for Er inn-type andp-type Si as a function of P~B! concen-
tration. Data are extracted from Fig. 6.
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tions: ~a! at a fixed temperature and as a function of dop
~and hence free carrier! concentration;~b! at a fixed dopant
concentration as a function of temperature. We have u
both of these two methods and for bothn-type andp-type
samples. The results are summarized on Fig. 8 and Fig. 9
n-type andp-type samples, respectively. All data were tak
at 1 mW to reduce the effect of free carriers generated by
pumping laser beam.

In the n-type materials all of the decay curves measu
at 77 K for samples containing different P concentratio
@Fig. 8~a!# are resolution limited, suggesting that free ele
trons introduced in the conduction band produce a very e
cient quenching of the Er31 luminescence via an impurity
Auger process. If now we keep the P concentration fix
@e.g., 431016 P/cm3, see Fig. 8~b!# and slowly release elec
trons to the conduction band by increasing the tempera
from 15 K step by step, we observe that the time dec
decreases very fast upon increasing temperature and alr
approaches the system response time at temperatures a
55 K. These data confirm the relevant role of free electro
on Er31 luminescence quenching. Note that quantitative
formation on the Auger process strength can only be
tained from the data of Fig. 8~b!.

The situation appears to be different inp-type material
~Fig. 9!, where the effects of both temperature and dop
concentration on time decay appear to be much wea
Time-decay curves at 77 K slowly decrease as a function
B concentration@Fig. 9~a!# and only approach the system
response time at a B concentration of 1.231018/cm3. Fur-
thermore, time decays for a sample doped with

FIG. 8. Time decay of the 1.54-mm luminescence measured
77 K in samples coimplanted with 4 MeV 3.331013 Er/cm2 and
several P concentrations~a!. The time decay curves measured
different temperatures in the sample co-implanted with Er an
31016 P/cm3 are also reported~b!. Data were taken at a pum
power of 1 mW.
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31017 B/cm3 exhibit no change from 15 K up to 40 K an
only at higher temperatures are seen to decrease@Fig. 9~b!#.
At 130 K the lifetime is;100ms and only at higher tem
peratures does it become resolution limited. Note that
p-type samples information of the Auger strength can
obtained from both Fig. 9~a! and Fig. 9~b!.

In order to understand the reasons for the different beh
ior in p-type andn-type samples we have reported in Fig.
the lifetime t as extracted from the fits to the data of Fi

FIG. 9. Time decay of the 1.54-mm luminescence measured
77 K in samples co-implanted with 4 MeV 3.331013 Er/cm2 and
several B concentrations~a!. The time decay curves measured
different temperatures in the sample co-implanted with Er an
31017 B/cm3 are also reported~b!. Data were taken at a pum
power of 1 mW.

FIG. 10. Lifetime of the Er31 excited statet as extracted from
the data in Fig. 8~b! and Fig. 9~b! vs temperature. Continuous line
show that the deexcitation occurs with well-defined activation
ergies associated with free carriers release from shallow levels
r
e

v-

8~b! and Fig. 9~b! as a function of temperature. It is interes
ing to note that the two samples we are comparing~4
31016 P/cm3 and 331017 B/cm3!, in spite of the different
doping concentration, are characterized by a similar car
~electrons or holes! concentration in the Er peak region
room temperature~see Figs. 3 and 4!. The data of Fig. 10
clearly show that the lifetime decreases much faster inn-type
Si than inp-type Si as the temperature is increased, sugg
ing that nonradiative decay processes are either more se
or set in at a lower temperatures inn-type material.

If the process responsible for the fast quenching of the
PL is an Auger with free carriers, we expect to have
n-type andp-type materials, respectively,

1

t
5

1

t0
1CA,en, ~1a!

1

t
5

1

t0
1CA,hp, ~1b!

wheret is the PL decay lifetime,t0 the lifetime when carri-
ers are frozen,CA,e andCA,h the Auger coefficient for elec-
trons and holes, andn andp the free-electron and free-hol
concentrations.

The release of free carriers from shallow levels is a
proximately described by

n>
1

&
~NdNc!

1/2 expS 2
«d

2kTD , ~2a!

p>
1

&
~NaNv!1/2 expS 2

«a

2kTD , ~2b!

whereNd (Na) is the concentration of donors~acceptors!, Nc
(Nv) is the density of states in the conduction~valence!
band, and«d(«a) is the energy of the shallow donor~accep-
tor! level.

By putting together Eqs.~1! and~2! one expects that, ift
versusT is dominated by an impurity Auger effect with fre
carriers, its temperature dependence will be approximate

t5
1

1/t01A exp~2«/2kT!
~3!

where A is a constant and« is the energy of the shallow
donor ~acceptor!.

It is interesting to note that data in Fig. 10 can be nice
described by Eq.~3! with activation energies of 20 meV fo
n-type Si and 45 meV forp-type Si ~continuous lines!. The
energy of 45 meV corresponds exactly with the accep
level of B in Si, suggesting that the observed phenomeno
indeed a nonradiative Auger deexcitation of the Er31 ions
with holes in the valence band. More intriguing are the d
of n-type Si since also the donor level of P has an energy
45 meV while time decay shows an activation energy of
meV. Indeed, it is known that Er in the presence of oxyg
acts as a donor introducing a shallow level at;20 meV.41 It
is clear that electrons bound to this level will thermalize
the conduction band at temperatures much lower than th
bound to P. Therefore we attribute the temperature dep

3
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4450 57PRIOLO, FRANZÒ, COFFA, AND CARNERA
dence of then-type data in Fig. 10 to the impurity Auge
effect with free electrons released directly by Er donors.

These observations clarify the different behavior of Er31

in n-type andp-type Si. In fact, in both cases nonradiativ
Auger deexcitation with free electrons or holes occurs. Ho
ever, inn-type Si the effect appears particularly severe
cause electrons thermalizing from Er donors start to be
leased at very low temperatures affecting the PL lifetime
p-type Si part of the B is deactivated by the presence of
strongly reducing the concentration of acceptor levels; mo
over, due to the B energy level, holes are released to
valence band at higher temperatures and hence the non
ative deexcitation of Er31 becomes severe only at high
temperatures.

The data of Fig. 8 and Fig. 9 can be used to obtai
quantitative estimate of the Auger coefficient of the Er31

deexcitation with free carriers. In order to do this we ha
calculated, according to Eqs.~2a! and~2b!, the concentration
of free electrons~holes! for each temperature and dopa
concentration at which measurements reported in Fig. 10~for
n-type andp-type Si! and Fig. 9~a! ~for p-type Si! were
performed. In the case ofn-type Si the presence of both E
~431016/cm3 with a level at 20 meV from the conductio
band! and P~with a level at 45 meV! has been taken into
account. Inp-type Si only the B atoms not embodied in
Er-B complexes~as extracted from spreading resistance p
filing at room temperature! have been considered. In Fig. 1
we report the reciprocal of the time decay as a function
free-carrier concentration for bothn ~open triangles! and
p-type Si. For p-type Si, data from both Fig. 10~solid
circles! and Fig. 9~a! ~open circles! are reported. It is inter-
esting to note that all of the data for both electrons and ho
lie on a single straight line with an Auger coefficientCA,e
5CA,h5(4.462)310213 cm3 s21.

Auger deexcitation to free carriers has been descri
theoretically by Langer36,37,40 and Allen42 and it has been
observed in several systems.27,36,37,43,44 According to the
Langer theory the Auger coefficient in Eq.~1! has the fol-
lowing expression:

FIG. 11. Reciprocal of the decay lifetime of the PL signal
1.54mm ~as obtained by fitting the time-decay curves! as a function
of the free-carrier concentration~as obtained by calculations!. Data
for both electrons and holes are shown. An Auger coefficien
4.4310213 cm3 s21 is obtained from the slope.
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CA,e5
1

t rad

1

n0
~4!

where t rad is the radiative lifetime of the impurity unde
investigation andn0 a critical concentration given by

n054p5/2nr
5F m0

m*
137a0G1/2

l0
27/2, ~5!

wherenr is the refractive index of the host matrix,m0 and
m* are the electron mass and the effective mass, res
tively, a0 is the Bohr radius, andl0 is the wavelength of the
impurity emission. In the case of Er in Si, usingtrad52 msec
we obtain n05731014 cm23 and therefore CA,e;7
310213 cm3/s in good agreement with our experiment
findings. A similar value was recently estimated, on the ba
of experimental results, for Er deexcitation with free ele
trons by Palmet al.27

It is important to note that the Auger coefficient with fre
carriers is 2 orders of magnitude higher than that with bou
carriers as theoretically predicted for other systems.37,40

D. Implications on erbium physics and device perspectives

The data reported in the preceding sections have sev
important implications. First of all they demonstrate th
there is a strong coupling between free carriers and Er.
one hand this produces Auger deexcitation of excited Er31,
while on the other it suggests that also the reverse proc
i.e., impact excitation of the Er from energetic carrie
should be highly probable. We can calculate the cross s
tion for Auger deexcitation assA5CA,e /v th , v th being the
thermal velocity. We obtainsA;5310220 cm2. It is inter-
esting to note that this value is three orders of magnitu
smaller with respect to the measured cross section for im
excitation of Er in Si@simp;6310217 cm2 ~Ref. 25!#. This is
unexpected since the two processes seem to be just th
verse of one another. On the other hand while deexcita
always involves a transition from the4I 13/2 to the 4I 15/2 state,
impact excitation with sufficiently energetic electrons c
involve transitions from the ground state (4I 15/2) to any of
the higher states~4

I 13/2,
4I 11/2, 4I 9/2, etc.!, provided that car-

riers are hot enough. A fast nonradiative deexcitation fr
the excited state to the first excited state will then occur. T
cross section for impact excitation represents then the i
gral of the cross sections of several different transitions.
gether with this observation it should be noted that the cr
section for impact excitation and Auger deexcitation is a
proportional to the density of states in the correspondent fi
carrier configuration. Hence impact excitation is proportion
to the density of states close to the bottom of the conduc
band while Auger deexcitation is proportional to the dens
of states;0.8 eV above the bottom of the conduction ban
The former is higher than the latter. These observations
explain whys imp.sA . The implications of this result are
enormous. In fact,s imp5sA would have implied that popu
lation inversion by impact excitation is impossible since ve
high excitation rates necessarily imply also very high de
citation rates and, at most, only half of the Er could be e
cited, thus not allowing~also in principle! laser operation.
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The fact thats imp@sA , instead, demonstrates that popu
tion inversion is achievable and a laser is, in principle, f
sible.

We would like to note that the measured value of t
Auger coefficient has other important implications on dev
operation. In fact, we25,26 have recently shown that efficien
and fast modulating LED’s can be fabricated when excit
the Er ions within the depletion region of a reversed bia
p1-n1 junction. During operation the Auger quenching
inhibited ~within the depletion region! but it suddenly sets in
when, at the diode turnoff, the depletion region shrinks a
the excited Er ions find themselves embedded in a hea
dopedn1 region ~with 131019 electrons/cm3!. The Auger
coefficient we have determined now allows one to estim
that the luminescence lifetime at the switchoff of the dio
will be of ;200 ns and hence modulation frequencies
;5 MHz can be reached in the present device structures
increasing the electron concentration to 231020/cm3 in the
n1 side of the device, frequencies of;100 MHz are achiev-
able. This represents a quite interesting feature for de
operation.

E. Deexcitation processes and luminescence intensity

In Fig. 12 we show the PL intensity taken at a pum
power of 1 mW as a function of the reciprocal temperat
for Er in both n-type Si (431016 P/cm3) and p-type Si (3
31017 B/cm3). In the same plot, as closed circles, we rep
the measured lifetime for both samples~right hand scale!. In
both cases the PL intensity and the associated lifetime

FIG. 12. Temperature dependence of the PL intensity at 1
mm ~s! and of the lifetime~d! for the samples co-implanted wit
4 MeV 3.331013 Er/cm2 and 431016 P/cm3 ~a! or 331017 B/cm3

~b!. Data were taken at a pump power of 1 mW. Fits to the data
taking into account nonradiative Auger processes~dotted line!,
back-transfer process~dash-dotted line! and Auger1back-transfer
~continuous line! processes are also shown.
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closely related. Inn-type Si the PL intensity~and the life-
time! continuously decreases as the temperature is incre
from 15 K towards higher values. The lifetime, however, c
be measured up to 55 K since above it becomes resolu
limited.

In p-type Si the Er luminescence and lifetime are bo
independent of temperature in the range from 15 to 40
However above 40 K an initially smooth and suddenly stro
~above 130 K! temperature quenching occurs. In this latt
case both luminescence and lifetime are seen to rapidly
crease with an activation energy of 0.15 eV. This regime
well known and has been attributed to energy ba
transfer.20,27 In particular, since Er introduces a level in th
Si band gap atET50.15 eV from the bottom of the conduc
tion band,22 the extra energy necessary to complete the ba
transfer will be

DE5~EG2ET!2EEr50.15 eV, ~6!

whereEG is the Si band gap andEEr50.8 eV is the energy of
the excited Er atom. Hence, the energy required for the b
transfer process corresponds to the activation energy of
observed quenching. This process severely affects the lu
nescence yield up to room temperature.

In order to understand the behavior of the data in Fig.
it should be noted that all of the deexcitation processes
rectly affect the temperature dependence of the PL intens
In fact, the PL intensity is given by

I PL}
NEr*

t rad
, ~7!

whereNEr* is the excited Er concentration andt rad the radia-
tive lifetime.

The excited Er concentration is, in general, obtained fr
the following rate equation:

dNEr*

dt
5sehf~NEr2NEr* !2NEr* S 1

tbt
1CAn1

1

t0
D , ~8!

whereseh is the excitation cross section throughe-h recom-
binations,f is the carrier flux,NEr is the total Er concentra
tion, tbt is the lifetime for the back transfer process,n is the
electron concentration, andt0 is the lifetime below 15 K due
to deexcitations with bound carriers. If the electron conc
tration introduced by the pumping laser is small,n in Eq. ~8!,
and hence the Er lifetime, will be independent off. In this
regime we can define

1

t
5

1

tbt
1CAn1

1

t0
. ~9!

Under steady state conditions the rate equation~8! yields

NEr* 5
sehft

sehft11
NEr ~10!

and, for small pump powers (sehf!1/t)

NEr* >sehftNEr . ~11!

Therefore, under these conditions, the luminescence
tensity is
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I PL}
NEr*

t rad
5sehfNEr

t

t rad
, ~12!

i.e., I PL is proportional to the decay time. Any change in t
decay time should then be reflected in the luminescence
tensity.

The temperature dependencies for bothp- andn-type Si
can be therefore fitted inserting in Eq.~9! the measured Au-
ger coefficientCA , the calculated electron~hole! concentra-
tion versus temperature, the measured low-temperature
time t0 and describing the back transfer as

1

tbt
5W0expS 2

0.15 eV

kT D , ~13!

whereW0 ~the rate of the back transfer process! is the only
fitting parameter. Fits to the data are also reported in Fig
as a continuous line and show a very good agreement
the experimental data. The value ofW0 has been determine
to be 13109 s21. In the same figure, for clarity, we hav
also reported the effect of solely the back transfer~dot-
dashed line! and the Auger~dotted line! processes. It is very
clear that, in bothp-type andn-type samples, back transfe
alone cannot take into account the low-temperature que
ing since it determines a quite sharp decrease starting f
temperatures above 130 K. On the other hand Auger p
cesses, while describing nicely the low-temperature data
sult in a saturation at;150 K when most of the shallow
levels are ionized and therefore cannot explain the high
temperature quenching. Only a combination of both p
cesses gives a nice explanation of the data.

A question naturally arises. What is going to happen if
increase the pump power. In this case we may enter a reg
in which sehf.1/t and hence we will have

I PL}
NEr*

t rad
>

NEr

t rad
. ~14!

Therefore within this regime the PL intensity is not pr
portional to the Er lifetime and it assumes a constant va
However, since with increasing temperaturet decreases, in a
measurement of the PL intensity versus 1/T at a fixed pump
power, one can pass from a regime in whichsehf.1/t ~at
low temperatures! to a regime wheresehf,1/t ~at high
temperatures!. The PL intensity versus 1/T reflects then two
different regimes and special care should be taken in
interpretation of the data. This effect is clearly shown in F
13 where we report the PL intensity versus the recipro
temperature for Er inn-type Si (431016 P/cm3) taken at 1
mW and at 200 mW. The two temperature dependen
show a completely different behavior. In fact, at 1 mW the
is a continuous decrease in intensity as a result of do
ionization and nonradiative Auger deexcitation with fr
electrons. The PL intensity is then seen to vary by 2 order
magnitude between 15 and 100 K in a fashion similar to
lifetime. In contrast, at 200 mW the PL intensity decrea
only by less than a factor of 3 in the same temperature ra
At higher temperatures, however, a strong decrease in th
intensity occurs~with an activation energy of;0.15 eV! and
the intensity is seen to decrease by 2 orders of magni
between 100 K and room temperature. This decrease
n-
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sembles that observed inp-type samples~Fig. 12!, it has
been reported several times in the literature15,19,27,31,34and it
seems to be a quite common feature to all Er-doped
samples, independent of the way of preparation.

Some controversy still exists in the literature on t
mechanism producing this quenching. It has been attribu
either to a decrease in the excitation cross sectionseh or in
the lifetime t.19,20,27 Indeed,I PL is predicted to linearly de-
pend on bothseh andt @Eq. ~12!#. From the data reported in
Fig. 12 and Fig. 13 the following conclusions can be draw
In p-type samples, where the 0.15 eV Er-related level
empty, t is responsible for temperature quenching as a
predicted earlier.20,27 The nonradiative deexcitation proce
is the backtransfer schematically depicted in Fig. 1~a!. In
n-type Si, however, the situation is rather different. In th
case, due to the short lifetime~below our detection resolution
limit !, it has been not possible to verify whethert decreases
in a fashion similar toI PL . However, since we have observe
the same quenching behavior even for the sample doped
431017 P/cm3, we can expect that the back transfer as d
picted in Fig. 1~a! is unlikely to occur. In fact inn-type Si
the level at 0.15 eV from the conduction band will mostly
full, and hence cannot accommodate an electron com
from the valence band. It has then been proposed19 that, al-
ternatively, the luminescence quenching with 0.15-eV a
vation energy might be due to a reduction inseh as a result
of the thermalization of an electron from the Er-relat
0.15-eV level in the band gap to the conduction band. T
process clearly affects the excitation efficiency~being exci-
tation related to the recombination of an electron in this le
with a hole in the valence band!. Moreover, also this proces
is thermally activated with an activation energy of 0.15 e

We would like now to show that these two differe
points of view can be indeed reconciled. If we are inp-type
Si the 0.15-eV level is empty and thus the back trans
process can occur. However, if the electron remains trap
in the Er-related level, Er excitation will occur again and t
back transfer process would have had no effect. In order
the back transfer to be completed, thermalization of the e

FIG. 13. Temperature dependence of the PL intensity at 1
mm for the sample co-implanted with 4 MeV 3.331013 Er/cm2 and
431016 P/cm3 at two different pump powers: 1 mW~s! and 200
mW ~d!.
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tron in the trap level to the conduction band should nec
sarily occur. In this case the electron will become delocaliz
and the excited Er atom will be lost forever. The entire p
cess is depicted in Fig. 14. Indeed, the direct evidences o
back transfer are all based on the generation of a photo
rent in Er-doped reverse-biased diodes irradiated at 1
mm,28,29 demonstrating that the back transfer is alwa
coupled to thermalization. Therefore, back transfer and th
malization represent indeed a single quenching process.

F. Excitation and quantum efficiency

All of the nonradiative deexcitation processes that
have investigated in this paper tend to decrease the lumi
cence efficiency for Er in Si. Efficiency is also affected
those processes producinge-h recombinations not ending u
in Er excitation. We have seen that increasing the temp
ture nonradiative deexcitations increase~Auger and back
transfer! and also excitation is affected~electron thermaliza-
tion!. The question is now what is the efficiency of the ove
all process under the best conditions~i.e., low temperatures!.
We can define three different efficiencies. The first one is
excitation efficiency, which is the ratio between the Er ex
tations occurring per unit area and time and thee-h pairs
generated per unit area and time. Therefore this is a mon
of the probability of exciting Er. The second one is the
ternal quantum efficiency defined as the photons emitted
Er per unit area and time divided by thee-h pairs generated
per unit area and time. Therefore this efficiency takes a

FIG. 14. Schematic picture of the back transfer process~a! and
of the two possible processes that may occur after Er gives bac
energy to the Si matrix:~b! the electron in the Er-related leve
recombines with a hole in the valence band causing the reexcita
of Er; ~c! the electron in the Er-related level thermalizes in t
conduction band and cannot excite Er.
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into account the probability that an Er atom, once excit
decays radiatively. Finally we have the external quantum
ficiency, taking into account that, due to the difference
refractive indices between Si and air, only a fraction of t
emitted photons is able to exit from the sample.

We have measured the pump power dependence of lu
nescence yield and time decay for Er (3.331013 Er/cm2) in
Si at 15 K for powers between 10mW and 200 mW. The
data of luminescence yield versus pump power are repo
in Fig. 15~a!. From these measurements the different e
ciencies were derived by making comparison with an
implanted SiO2 sample in which excitation by direct photo
absorption occurs with a well-known cross section ofsph
58310221 cm2.45 In the calculation differences in the re
fractive indices between Si and SiO2 were taken into ac-
count, lifetimes for the two samples were measured, and
diative lifetimes of 15 and 2 ms were assumed for Er in Si2
and in Si, respectively. Finally, for Er in Si it was assum
that each photon from the pump laser generates ane-h pair.
The results are reported in Fig. 15~b!. It is interesting to note
that at low pump powers the excitation efficiency for Er in
is 10%. This is evidence that at low temperatures and
pump powers competitive phenomena are not so impor
and a large fraction ofe-h pairs produces Er excitation
Moreover, at low pump powers nonradiative decay proces
are strongly reduced. If the measured 2-ms decay time
responds indeed to the radiative lifetime~as we are assum
ing!, then nonradiative processes are totally inhibited a
also the internal quantum efficiency is 10%. This is a dir
proof that Er luminescence in Si can be a very efficient p
cess under appropriate circumstances. Note that this pro
in Si is orders of magnitude more efficient than in SiO2. The

he

on

FIG. 15. Photoluminescence intensity at 1.54mm measured at
15 K as a function of pump power for Er-doped Si~a!. The pump
power dependence of the excitation efficiency~s!, internal quan-
tum efficiency ~m!, and external quantum efficiency~d! as ex-
tracted from~a! are shown in~b!.
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internal quantum efficiency for Er in SiO2 at an equivalent Er
dose (3.331013 Er/cm2) would have been of only 2.5
31027. The very high efficiency of the luminescence of
in Si is the result of an extremely efficient excitation. Inde
from these data we can estimate a cross section for excita
through the formula

h i5sehfEr

t

t rad
, ~15!

whereh i is the internal quantum efficiency,seh is the cross
section for excitation throughe-h recombinations mediate
by an Er-related level in the gap, andfEr is the areal density
of Er. We obtainseh53310215 cm2. This value is much
higher than that obtained for impact excitatio
(simp;6310217 cm2).26 It is interesting to note that we hav
recently26 measured the productseh t in forward biased op-
erating Er-doped LED’s at room temperature and we
tained a value of 6.5310222 cm2 s. From the Auger coeffi-
cient measured in the present paper we can now estimate
the lifetime of the excited Er31 is ;200 ns in a device struc
ture having 1019 electrons/cm3. We can therefore extrac
seh;3310215 cm2. It is certainly noteworthy that simila
cross sections have been obtained from independent se
data in photoluminescence and forward bias electrolumin
cence. The excitation cross section for Er31 in Si through
carrier-mediated recombinations is about 7 orders of ma
tude higher than that for Er31 in SiO2 through direct photon
absorption.

In principle these data would suggest that, withseh
@s imp@sph , the most efficient way for pumping Er is unde
photoluminescence or forward bias electroluminescence
contrast, it has been demonstrated10,25 that reverse bias elec
troluminescence is by far more efficient. This is due to
fact that, despite the smaller excitation cross section (s imp),
under reverse bias Er is pumped within a depletion reg
where Auger processes with free carriers are inhibited
contrast, under forward bias in spite of the higher excitat
cross section (seh), Er is excited in a region full of free
carriers and nonradiative phenomena make the overall lu
nescence process less efficient.

Figure 15 also shows that the efficiencies decrease
increasing pump power. This is not surprising since sev
competing phenomena set in as the power is increased.
of all, due to the limited amount of Er atoms,e-h recombi-
nation routes not producing Er excitations become incre
ingly more important. Furthermore, as the density of injec
carriers increases, nonradiative Auger deexcitations will t
place, further decreasing the overall efficiency.

The main message, however, is that under appropr
conditions the 1.54-mm luminescence of Er in Si can be a
extremely efficient process. The challenge is now to rep
duce these conditions in a working device operating at ro
temperature.

IV. CONCLUSIONS

We have studied the excitation and deexcitation proce
of Er31 in Si. Excitation is proposed to occur through th
sequential capture of electrons and holes at an Er-rel
level in the Si band gap. The overall cross section for
on

-

hat

of
s-

i-

In

e

n
n
n

i-

th
al
irst

s-
d
e

te

-
m

es

ed
r

excitation through this process has been evaluated to
;3310215 cm2, i.e., 7 orders of magnitude higher than d
rect photon absorption. This value is even higher than
cross section for excitation through impact with hot carrie
(simp;6310217 cm2) suggesting that excitation of Er31 in Si
is a very efficient process. Indeed, at low temperatur
where nonradiative deexcitation processes are inhibited,
internal quantum efficiency of Er luminescence in Si can
as high as;10%. However, as soon as the temperature
increased, several competing nonradiative processes
place. Among them we have identified the following.

~i! An Auger process with free electrons and free hol
dominating the quenching behavior at temperatures be
;120 K and having an Auger coefficient of;5
310213 cm3/s.

~ii ! An Auger process with localized electrons or hol
that determine the nonradiative deexcitation processe
very low temperatures~below 15 K! and exhibiting an effec-
tive Auger coefficient 2 orders of magnitude lower than th
of free carriers.

~iii ! An energy back transfer process, dominating quen
ing behavior at temperatures above;120 K, consisting of 2
steps: a promotion of an electron from the valence band to
Er related level plus electron thermalization to the cond
tion band.

The strength of all of these nonradiative processes is
cially dependent on temperature, carrier concentration,
Er electrical behavior. Hence the pathways towards high
ficiency of Er luminescence in Si requires properly en
neered Er sites and/or proper device structure to reduc
inhibit these nonradiative processes. For instance, in ph
luminescence and forward bias electroluminescence, in s
of the high excitation cross section (3310215 cm2) both Au-
ger processes with free carriers and energy back transfer
result in a strong temperature quenching limiting roo
temperature performances. On the other hand, pump
through impact excitation in a depletion layer~in reverse bias
electroluminescence! allows one to reduce the backgroun
free-carrier concentration during pumping, thus limiting no
radiative Auger processes. Therefore, in spite of the low
excitation cross section (6310217 cm2) the overall room-
temperature efficiency is higher in this last case. Moreov
Auger nonradiative deexcitation can be advantageously t
gered in at the turnoff of the diode, allowing one to achie
modulation of the light emission at frequencies up to 1
MHz. These results open new perspectives in both und
standing and applications of Er-doped silicon.
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