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Electroluminescence of erbium-doped silicon
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Recombination processes in rare-earth metals in semiconductors are a special case due to the localized
nature off electrons. Our work explores in detail the radiative and nonradiative mechanisms of energy transfer
for erbium in silicon by investigating the temperature dependence of the intensity and the decay time of the
photoluminescence of Er-related centers in Si. We show that nonradiative energy back transfer from the
excited Er 4f shell causes luminescence quenching below 200 K. We study electroluminescence decay by
applying different bias conditions during the decay. In a two-beam experiment the photoluminescence decay is
monitored for different background-excitation laser powers. Changes in the decay time are strong evidence of
the impurity Auger effect as an efficient luminescence-quenching mechanism for Er in Si. A fast initial
luminescence decay component at high pumping powers is related to quenching by excess carriers. The power
dependence, the decay-time components, and the two-beam experiment are simulated by a set of rate equations
which involve the formation of excitons, a decrease of the pumping efficiency by exciton Auger recombination,
and a decrease of radiative efficiency by the impurity Auger effect with free electrons. As a nonradiative
deexcitation path competing with spontaneous emission, the impurity Auger effect decreases the excited-state
lifetime of Er in Si, and dominates the thermal quenching of luminescence in the temperature range from 4 to
100 K. We find that the decrease of emission intensity above 100 K is caused by an unidentified second
back-transfer process.@S0163-1829~96!07040-3#
ed
a-
e

ro
ion
s

o

d
lin

o
ri
in
s,
le
-
g
4
ss

e
n
n
i-

the
the
by
rgy
ion

an
li-

rgy
uc-
is
tial
n-
nce
III,
For
All
ita-
g
cay
test
fer
ited
k
and

nd,
I. INTRODUCTION

A. General

Since the first report in 1983,1 both scientific and
technology-motivated research has increasingly focused
the luminescence of Er in Si. By building the first Si-bas
light-emitting diode~LED!, which operates at room temper
ture atl51.54mm, we found that Er doping of Si is a viabl
approach toward a Si microphotonic technology.2,3 Our ob-
jective is to establish an integrated-circuit-compatible p
cess technology for integration of optical interconnect
with Si electronics. Current research in the field addres
material properties of the Si:Er system,4–6 optical activation
and luminescence enhancement by codoping
impurities,7–11 and the physics of the Er luminescence.12–14

In this paper15 we analyze in detail the excitation an
deexcitation processes of the Si:Er center. The sharp
luminescence atl51.54 mm arises from the4I 13/2⇒4I 15/2
transition from the excited, inner 4f ~Ref. 11! shell of the
Er31 configuration. In contrast to other luminescent pr
cesses in semiconductors, rare-earth luminescence a
from spin-state transitions; therefore it does not directly
volve changes of charge state or the occupancy of band
band-gap states. The luminescence of Er in Si is always e
troluminescence~EL!, in that excitation involves the genera
tion of electron-hole pairs followed by a nonradiative ener
transfer of the recombination energy to the Er innerf
shell.16 A theoretical evaluation of the excitation proce
suggests that an intracenter Auger process17 provides the en-
ergy transfer to the 4f shell by electric dipole and exchang
interactions. The efficiency of this process is greatly e
hanced if a state in the band gap associated with the Er ce
allows a localization of energy in the form of bound exc
540163-1829/96/54~24!/17603~13!/$10.00
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tons. In Sec. IV D we show that at low temperatures
dominant processes after excess carrier generation are
formation of excitons and their subsequent recombination
Auger processes. Recombination by nonradiative ene
transfer to free carriers competes with the Si:Er excitat
process@Figs. 1~a! and 1~b!#. We show in Sec. III that the
electroluminescence of Er in Si is far more efficient th
direct optical pumping of Er-doped fibers for optical amp
fiers.

B. Energy flow for recombination at rare-earth centers
in semiconductors

It is important to understand the kinetic regimes of ene
flow for recombination at rare-earth centers in semicond
tors. The rate-limiting step for electron-hole recombination
the dissipation of the energy difference between the ini
and final states. Figure 1~a! depicts a serial sequence of e
ergy transfer comprised of four regimes. In a serial seque
of events, the slowest process dominates. In regimes I,
and IV, parallel processes compete for the energy flow.
parallel processes the fastest mechanism will dominate.
processes preceding or competing with the Auger Er exc
tion will determine the emission intensity without affectin
the luminescence decay time. In regime IV, both the de
time and the emission intensity are controlled by the fas
of the two processes. For slow nonradiative back-trans
processes, the spontaneous emission lifetime of the exc
state of the rare-earth~RE! center is observed. For fast bac
transfer, the rate of nonradiative energy flow is observed,
the radiative emission is reduced.

As an internal, discrete-to-discrete 4f state transition, the
Er luminescence energy is independent of band gap a
17 603 © 1996 The American Physical Society



hr
4
fo

n-
ll

cu
xc

de
e
n

tiv

a
ro

ex-
r

ro-
Er
of
es-
cay
ime
We
of
st,
rom

the
al
ea-
nsity

in-
ger
ion
of

-
of
-
nd

ac-
der

30
ri-

ta-
/30-

ter

d
or
sed

sed
tter

,
onse

la-
tical
is

ll
pr
e
-

17 604 54PALM, GAN, ZHENG, MICHEL, AND KIMERLING
hence, does not change with temperature. The emission
tensity, however, can strongly decrease by as much as t
orders of magnitude as the temperature increases from
300 K. The following are three different possible causes
the observed thermal quenching.

~1! The total number of optically active, excitable Er ce
ters decreases, for example, by a temperature-contro
structural transition to a nonluminescent configuration.

~2! The pumping efficiency decreases by processes oc
ring between electron-hole pair generation and the Er e
tation. These are the processes in regimes I–III of Fig. 1~a!,
such as competing recombination processes, e.g., via
traps and Auger processes@Fig. 1~b!#, or the decrease of th
excitation efficiency by thermalization of carriers from a
Er-related state in the band gap.

~3! The radiative efficiency decreases by a nonradia
energy back transfer from the excited Er 4f shell @regime IV
of Fig. 1~a!#. Possible energy back-transfer mechanisms
multiphonon emission processes or impurity Auger p

FIG. 1. ~a! Excitation and deexcitation processes of Er in Si. A
processes in bold letters are comprised in a model which is
sented in Sec. IV C to describe the low-temperature Er lumin
cence phenomena.~b! Exciton-electron Auger recombination pro
cess.~c! Energy back transfer from the excited Er 4f shell by an
impurity Auger process with free carriers.
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cesses involving the energy transfer by electric dipole or
change interaction between the 4f electrons and free o
bound carriers@Fig. 1~c!#.

This work demonstrates that energy back-transfer p
cesses are responsible for the thermal quenching of the
luminescence in Si below 200 K. The direct evidence
back-transfer processes is the correlation of photolumin
cence decay time and intensity. A decrease of Si:Er de
time by a shortening of the spontaneous emission t
should lead to an increase of luminescence intensity.
observe a decrease of the lifetime with a concurrent loss
emission intensity. This correlation argues strongly for a fa
competing nonradiative process of energy back transfer f
the excited Er center to the crystal host.

We show that the impurity Auger effect decreases
excited-state lifetime of Er in Si, and controls the therm
quenching in the temperature range from 4 to 100 K. M
surements of the dependence of photoluminescence inte
vs excitation power show that at 4 K the internal quantum
efficiency decreases by three orders of magnitude with
creasing pump power. We demonstrate that impurity Au
recombination and exciton-electron Auger recombinat
can reduce both the pumping and the radiative efficiency
Si:Er @Figs. 1~a!–1~c!#.

II. EXPERIMENT

Boron-doped Czochralski-grown Si wafers were im
planted with Er and O, resulting in peak concentrations
531017 and 331018 cm23. We used two different implanta
tion energies 4.5 MeV and 400 keV for Er, which correspo
to peak depths of 1.4mm ~deep! and 0.130mm ~shallow!,
respectively. The oxygen implant energies were chosen
cordingly to match the Er profiles. For this paper we consi
four types of samples: sampleA ~deep implant! andB ~shal-
low implant! were subsequently annealed at 900 °C for
min in an argon ambient. Mesa LED structures were fab
cated with an Asn emitter by implantation prior to the Er/O
implantation. For sampleC ~deep implant! the emitter im-
plant was annealed at 1000 °C for 2 h. After Er/O implan
tion the Si-Er centers were activated by the same 900 °C
min anneal. For sampleD the ~shallow! As/Er/O LED
implants were annealed together at 800 °C for 30 min. Af
annealing, open Al front contacts were formed.2 For photo-
luminescence ~PL! spectra a mechanically choppe
l5488-nm Ar-ion laser beam provided the excitation. F
EL spectra the devices were forward biased with a pul
voltage generator. A liquid-nitrogen~LN!-cooled Ge detec-
tor, a grating spectrometer, and a lock-in amplifier were u
for signal detection. For the decay measurements the la
components were replaced by a 1.54-mm/40-nm bandpass
filter, a LN-cooled InxGa12xP detector, a current amplifier
and a digital oscilloscope. The measurement system resp
time was 20ms.

III. EFFICIENCY OF ELECTROLUMINESCENCE OF Er
IN Si

Er doping is employed in glass hosts for commercial
sers and optical amplifiers. These devices operate by op
pumping atl5960 nm. In contrast, the pumping of Si:Er
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always mediated by electron-hole recombination. The e
ciencies of these two different excitation mechanisms m
be compared by relating the incident flux~photons or elec-
trons per second! to the emitted photon flux. Optical excita
tion is commonly characterized by the photon capture cr
sections0, as defined by the equation

Fout5s0F inNer, ~1!

whereNEr is the density of Er centers integrated over t
depth. For the case of Er incorporation by ion implantati
this value corresponds to the implanted Er dose.Fin andFout
are the incident and emitted photon fluxes. To calculate
‘‘effective photon capture cross section’’ for Si:Er from o
photoluminescence experiments at 4 K, we intentionally
stract from all processes between photon absorption by th
host and light emission from the Si:Er center. The lowest a
highest laser powers which we applied are 10mW and 1.6
W. Losses due to cryostat windows and Si surface reflec
reduce the absorbed power by about 70%. At the argon
laser wavelength ofl5488 nm the coupled incident photo
fluxes~Fin! are of 7.431012 and 1.231018 s21, respectively.
Taking into account the extraction losses due to total inte
reflection and light collection due to the experimental geo
etry, we obtain, at 4 K, typical total output powers of 0.
and 10mW which correspond to emitted photon fluxes~Fout!
of 1.231012 and 7.831013 s21 at l51.54 mm for the two
different injection levels. With the Er doseNEr5331013

cm22, Eq. ~1! yields values for the ‘‘effective photon captur
cross section’’ ofs055.2310215 and s052.2310218 cm2

for the low- and high-power excitation, respectively.
Comparing to the value ofs052310221 cm2 for Er in

glass hosts,18 we can conclude that the electrical excitation
the Er 4f shell luminescence is 3–6 orders of magnitu
more efficient in Si than optical excitation in glass hosts. T
internal quantum efficiencyhi , however, is low compared to
III–V band-edge luminescence: for these samples it ran
from 5% to 0.002% at the lowest and highest powers, resp
tively. In Sec. IV we show that the decrease ofhi and s0
with excitation power is due to Auger processes that
crease both the pumping and radiative efficiency.

IV. RESULTS

A. Dependence of emission intensity on temperature
and pumping power

Figure 2 shows the dependence of PL intensity on te
perature in a semilog plot for two different pumping powe
There are two distinct regimes indicating two differe
mechanisms which are responsible for the thermal quenc
of the emission intensity. A double-exponential fit~solid
line!, by the equation

I ~T!5I 0H 11c1expS 2
E1

k•TD1c2expS 2
E2

k•TD J , ~2!

gives activation energies ofE1510 meV andE25160 meV
for both pumping laser powers. The fitting parametersc1 and
c2 can be understood as coupling coefficients for two a
vated processes. They depend, however, on excitation po
because the quenching rateI (T)/I 0 decreases with increasin
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excitation power. In Secs. IV D and IV E we present e
dence that the two apparent processes are backtransfer
cesses.

Figure 3 presents the dependence of PL intensity on la
power for different temperatures in a log-log plot. In this pl
the slope of the curves increases with increasing tempera
The log-log plot reveals that particularly at the two low
temperatures the dependence cannot be described
simple power law. The calculation of internal quantum ef
ciency in Sec. III yielded a decrease of three orders of m
nitude over the measured range of five decades of incid
laser powers~10 mW to 1.6 W!. We show below that the
decrease of the total efficiency is caused by Auger proce
affecting both the pumping efficiencyhpumpand the radiative
efficiencyhrad. Internal quantum efficiency can be describ
as the product of the pumping efficiencyhpumpand the radia-
tive efficiencyhrad:

h5hpumph rad5
1

S 11
tex
tcp

D
1

S 11
tsp
tbt

D . ~3!

FIG. 2. PL intensity vs temperature for two different excitatio
laser powers~sampleC!.

FIG. 3. PL intensity vs. excitation power for three differe
temperatures~sampleC!.
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The first factor~hpump! reflects the temporal branching i
regime III @Fig. 1~a!# by processes~tcp! competing with the
excitation ~tex!. The second factor~hrad! represents back
transfer processes~tbt! competing in regime IV with sponta
neous emission time~tsp!.

In the case of Auger processes with excess carriers,
expect that the probabilities of competitive~tcp

21! and back-
transfer~tbt

21! processes are proportional to the free-carr
density. Due to the indirect band gap of silicon the exc
carrier density is controlled by the bimolecular formation
excitons at low temperatures, and is therefore proportiona
the square root of generation rate, i.e., the pumping powe
Sec. IV C we will confirm the square-root dependence b
two-beam PL experiment. We find, indeed, that all thr
curves can be fit by the following function of pumpin
powerp, which is similar to Eq.~3!:

I ~p!5
h

h•n
p5

c3p

~c41Ap!~c51Ap!
, ~4!

wherec3, c4, andc5 are fitting parameters. At 4 K the output
intensity apparently saturates at high powers~slope equals to
zero!. This maximum intensity value corresponds to the
ting parameterc3. All curves were fitted independently. Th
parameterc3 varies only by about 40% for the three tempe
tures. The parametersc4 andc5 increase with increasing tem
perature: at 4 K,c450.002,c550.125; at 70 K,c450.006,
c550.5; and at 200 K,c453, c553. Since parameterc3 re-
mains approximately constant, this fitting function predi
saturation at about the same intensity at high pump pow
independent of measurement temperature, as evident in
3. The fitting function@Eq. ~4!# is the analytical steady-stat
solution of a set of rate equations which we present in S
IV C.

Figure 4 compares the temperature dependence of th
decay time~1/e time! with that of the PL intensity. The de
cay curves were measured at low laser powers~60 mW! from
4 to 160 K. Above 160 K the decay time drops below t
system response time of 20ms. As pointed out in Sec. I, the

FIG. 4. Temperature dependence of 1/e decay time~top! and
intensity~bottom! measured at low power~PL, 60 mW, sampleA!.
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PL

simultaneous decrease of both intensity and decay time
increasing temperature is strong evidence of a compe
nonradiative process that decreases the radiative efficienc
the Si:Er center. The decay time corresponds to an effec
internal lifetimeteff of the excited Si:Er center

1

teff
5

1

tsp
1

1

tbt
~5!

reflecting the decay of excited Er centersNEr* by radiative
transitions~tsp! and competing back-transfer processes~tbt!
to the ground state@regime IV in Fig. 1~a!#. When the prob-
ability of the nonradiative transitions is greater than t
spontaneous emission time, the decay time will decrease,
a higher generation rate is required to achieve the sa
steady-state population ofNEr* . This construct is consisten
with the changes of the PL power dependence with temp
ture. As the PL intensity is proportional toNEr* /tsp the PL
intensity will decrease, or more power is needed to achi
the same PL intensity. In Eq.~4! for the power dependence
this decrease of efficiency with temperature is reflected
the increase of the parametersc4 or c5. The physics of the
temperature-dependent loss process is contained in the v
tion of c4 andc5 with temperature. The correlation of deca
time and emission intensity atl51.54mm in Er-doped sili-
con was previously reported in Ref. 14. Back transfer p
cesses at RE in semiconductors have been discussed no
for the Si:Er system,12,14 but also for InP:Yb,19–21 InP:Er,22

GaAs:Er,23 InP0.93 As0.07:Yb,
24 and GaP:Nd.25

The increasing slope of the PL vs power curves and
extrapolation to high powers indicate that for all tempe
tures the intensity would saturate at the same level if eno
power could be provided. This behavior confirms that t
total number of optically active Er centersNEr is independent
of temperature. Coffaet al.26 recently showed a similar de
pendence of electroluminescence intensity on drive curre

B. Electroluminescence decay curves

In the section we investigate the processes which decr
the radiative efficiency with increasing pump power a
temperature. In order to evaluate the participation of f
carriers via an impurity Auger process@Fig. 1~c!# we mea-
sured EL decay curves at 40 K, applying different bias co
ditions during the decay half-cycle@Fig. 5#. Figure 6 shows
that under zero-bias conditions the decay signal is compo

FIG. 5. Pulse scheme for the EL decay experiments.
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of fast and slow components. Fitting two exponentials to
measured profiles we obtain 1/e decay times of 82 and 77
ms contributing to the signal in an intensity ratio of 1:
Under reverse bias the contribution of the fast componen
strongly decreased, and the two-exponential fit yields 110ms
and 1 ms and with an intensity ratio of 2:5. A small forwa
bias results in very a fast decay~380 and 49ms, intensity
ratio 1:3!. At higher temperatures the effect of reverse b
on the contribution of the long component is even more p
nounced. At 100 K~Fig. 7! the two-exponential fit yields 20
ms/700ms ~intensity ratio 8:1! under zero bias, and 33ms/
820ms ~intensity ratio 1:1! under reverse bias.

We observe a related phenomenon when pumping w
different drive currents and measuring the EL decay un
zero-bias conditions. Figure 8 shows three decay curves
2, 16, and 70 mA, respectively. At the lower drive curre
the double-exponential fit yields two components with 1
and 930ms with an intensity ratio 1:2. Increasing the driv

FIG. 6. EL decay at 40 K for different bias conditions durin
decay cycle~sampleC!.

FIG. 7. EL decay at 100 K under reverse and zero-bias co
tions ~sampleC!.
e
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current to 70 mA the intensity ratio of fast~40 ms! to slow
~675 ms! components becomes 4:1. To examine these
components we recorded EL spectra at different bias co
tions during decay~Fig. 9! and for different drive currents
followed by zero bias~Fig. 10! during the decay. The spectr
are identical regardless of the different decay profiles.

The EL decay experiments show that the effective li
time decreases for forward- relative to reverse-bias con
tions. The change of bias from forward to reverse cor
sponds to an increase of the depletion-layer width. Fig
11~a! shows a spreading resistance profile~SRP! of the LED
~sampleC! and the Er distribution obtained by secondar
ion-mass spectrometry~SIMS!. The position of the junction
~at a depth of 1.6mm! is controlled by donors introduced b
Er/O implantation and annealing. Capacitance-voltageC-
V) measurements at 40 K give depletion region widths of
and 1mm under zero and reverse bias~16 V!, respectively.
The Er-doped layer, therefore, is mostly depleted under
applied reverse-bias voltage. At the measurement temp
ture a large fraction of the Er layer is outside the deplet
region at zero bias. Taking into account that the doping p
file is almost symmetric near the junction, from the SIM
profile we estimate fractions of 46%, 44%, and 10% of
ions in then-type, depletion, andp-type regions, respec

FIG. 9. EL spectra at 40 K for different bias conditions~resolu-
tion 8 Å, sampleC!.
i-

FIG. 8. EL decay at 40 K for different drive currents~sample
C!.
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tively, for zero bias. For reverse bias we obtain about 2
(n), 75% ~depleted!, and 2% (p). Therefore the decrease o
decay time at zero bias implies that the probability of t
competing nonradiative process@in regime IV of Fig. 1~a!# is

FIG. 10. EL spectra at 40 K for different drive currents at 40
~resolution 8 Å, sampleC!.

FIG. 11. Spreading resistance and Er-SIMS profiles of~a!
sampleC ~LED, deep implanted!; ~b! sampleA ~Er/O deep im-
planted and annealed!.
dependent on the availability of equilibrium free carriers.
shown below~Sec. IV D! the carrier density in then region
is controlled by deep and shallow donors. If the equilibriu
free-carrier density increases above 40 K, we expec
higher temperatures a strong short component for zero-
decay which is confirmed in Fig. 7. The decrease of
zero-bias decay time with increasing temperature and its
covery under reverse bias support the correlation between
probability of the competing nonradiative process and
availability of equilibrium free carriers. The interchange
decay time and equilibrium free carriers is strong evidence
the luminescence quenching by an impurity Auger proce
The energy of the excited luminescence center is transfe
to free carriers by electron dipole or exchange interact
@Fig. 1~c!#. This process is responsible for effective lumine
cence quenching at Mn in ZnS,27,28 as well as Mn, Gd, and
Tb in CdF2.

29,30

The changes of the decay curves due to different dr
currents~Fig. 8! and due to forward bias during the deca
~Figs. 8 and 12! indicate that the quenching can also be
duced by the injected excess carriers. The contribution of
short decay components increases with injection level. T
presence of excess carriers during the decay also leads
increase of the short contribution, and the decay time of
long component decreases as the forward current during
cay is increased~Fig. 12!. This result leads to an explanatio
of the shape of the decay profiles under zero-bias conditio
the excess carrier density decreases rapidly after switc
from forward to zero bias. The excess carriers outside
zero-bias depletion region can either recombine or diffuse
the junction, yielding a time-dependent probability of th
Auger quenching. The effect of luminescence quenching
excess carriers is particularly evident in Fig. 8: the EL inte
sity for the highest drive current~70 mA! drops below the
EL intensity of the 16- and the 2-mA decay~the intensity
scale is identical for all three decay curves!. The influence of
the excess carrier decay on the EL decay participates in
backtransfer mechanism, which decreases the effective

FIG. 12. EL decay curves at 40 K for zero bias and two differe
forward biases~corresponding to 2- and 6-mA forward curren!
during decay~sampleC!. A two-exponential fit yields 50ms/670ms
~intensity ratio 2:1! for zero bias, 33ms/202ms ~intensity ratio 3:1!
for 2 mA, and 23ms/67ms ~intensity ratio 8:1! for 6-mA.
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cited Er lifetime. The analytical fitting by two exponentials
therefore only an approximation which is convenient to d
scribe the convoluted change of the decay curves. Increa
the driving current and, hence, the carrier density in the
region results in an increase of the fast contribution.

In order to investigate the processes discussed ab
quantitatively, it is important to consider that the effects
the EL decay curves are due to spatial inhomogeneity, ti
and temperature-dependent phenomena. In the next two
tions we show how we can separate the impurity Auger
fect by excess carriers on one hand, and by equilibrium
carriers on the other hand. PL decay curves at 4 K for dif-
ferent pumping powers and a PL two-beam experiment c
relates the back-transfer deexcitation~regime IV! with ex-
cess carriers. The results can be simulated with a set of
equations which couple the excited Er 4f shell to excess
carriers by the impurity Auger effect. The temperature d
pendence of PL decay curves at low powers of implan
and annealed samples yield evidence of the back transfe
free equilibrium carriers.

Two decay components with power-dependent ratios
their contribution have also been observed by Coffaet al.14

Their interpretation of two different Er species is not cons
tent with our investigation, since all centers are excited
gether, but the relative contributions can be controlled
applying different bias conditions only during the decay. F
ure 12 shows that the decay time under forward bias
creases continuously as the forward bias is increased. Th
fore the decrease of decay time by increasing drive curren
increasing forward bias during decay cannot be ascribe
the saturation of an Er species with a long lifetime. Su
saturation would instead result in a change of the inten
ratio of the long and short components, but not in a decre
of the decay time constants of each component. In addi
to that, the EL spectra give no evidence of different spec
since they are identical for all cases~Fig. 9 for different bias
during decay and Fig. 10 for different drive currents!. Lom-
bardoet al.31 recently reported on a related EL experime
on metal-insulator-semiconductor structures with amorph
silicon films highly doped with Si and O. By applying a larg
reverse-bias electroluminescence is obtained which is at
uted to impact excitation of Er centers. The observed
crease of decay time for the EL intensity when the pump
level is switched to a lower level was attributed to the co
tinuous pumping only without invoking the possibility o
Impurity Auger quenching. It should be noted that desp
the similarity between the two experiments, there are la
differences in relevant materials properties~excess carrier
lifetimes, band structure, etc.!, device structure and excita
tion mechanism. In our devices, no luminescence can be
tained for reverse biases up to 60 V. Whereas the decrea
decay time under small forward bias could be due to c
tinuous pumping only, the differences in decay time wh
we observe between decay during reverse bias and zero
can only be explained by a dependence of the excited-s
lifetime on the availability of free carriers. As we will show
in Sec. IV C by modeling quantitatively a more transpare
PL experiment, the strong decrease of decay time for sm
forward bias and the changes of decay time due to diffe
injection levels support the conclusion that an impurity A
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ger effect with excess carriers can effectively quench
luminescence of Er in crystalline silicon at low temperatur

C. Energy back transfer by the impurity Auger effect
via excess carriers

The role of excess carrier impurity Auger back transfer
supported by PL decay curves for two different laser pow
at 4 K of implanted and annealed samples~sample A, with-
out additional emitter implant! as shown in Fig. 13. The low
temperature and the absence of a collecting junction res
in a considerably longer time for the decay of the exc
carrier density. The observed initial decay time therefore
much longer~;200 ms!. In order to separate the effect o
excess free carriers from equilibrium carrier quenching
performed a two-beam PL experiment at 4 K: a chopp
HeNe Laser~8 mW! was used for excitation and a 488-n
Ar-ion laser provided a cw background generation.
shown in Fig. 14 the increase of the cw laser power result

FIG. 13. PL decay curves at 4 K for two different laser powers,
solid lines, simulated profiles with rate equations~8a!–~8c!.

FIG. 14. PL two-beam experiment at 4 K: decay time vs
laser power; symbols, measured data; the solid line is fitted by
~6!; the dashed line is the simulation result~implanted and annealed
sample!.
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a strong decrease in the 1/e decay time. This result is analo
gous to the case of decay during forward bias in Fig. 12

A similar experiment was performed by Benyattouet al.32

They showed that free-carrier Auger processes decreas
pumping efficiency of Er in GaAs. However, no influence
cw background generation on decay time was observ
Since the excess carrier lifetimes are much shorter in III
compounds than in Si a considerable photon flux is requ
to generate an appreciable injection level. The dependenc
decay time on cw laser power, i.e., generation rateG, pro-
vides, moreover, insight into the excitation process. In
inset of Fig. 14 we replotted the data as 1/teff21/t0 vs the
square root of the pumping power and obtained a linear
lationship.t0 is the decay time without secondary illumin
tion. Therefore the relationship between decay time a
background carrier generation rate~which is proportional to
the power of the second beam! is given by:

teff5
t0

11c6AG
, ~6!

wherec6 expresses the proportionality between 1/teff21/t0
andG.

By rewriting Eq. ~5! with tbt
215cAn for an Auger-type

process

1

teff
5

1

tsp
1cAn, ~7!

we find that the excess carrier concentrationn is proportional
to the square root of the generation rateG. This functional
dependence implies that the excess carrier concentratio
controlled by a bimolecular formation of excitons~as as-
sumed in Sec. IV A!. At these low temperatures all recom
bination processes most likely involve excitons: the indir
band gap of Si inhibits direct band-to-band transitions, a
recombination via deep levels is believed to occur via ex
tonic Auger processes.33,34 As the Er luminescence is max
mal at low temperatures and low excitation levels, we c
conclude that excitons are also involved in the Si:Er exc
tion process, as has been proposed previously.17

The following three rate equations, involving the exce
carrier densityn, the density of excitonsNx , and the concen-
tration of excited Er centersNEr* , can reflect all the feature
of the excitation and deexcitation processes@see Figs. 1~a!–
1~c!#:

dn

dt
5G2dn2 ~8a!

dNx

dt
5an22cA,xnNx2

Nx

tex
S 12

NEr*

NEr
D , ~8b!

dNEr*

dt
5
Nx

tex
S 12

NEr*

NEr
D 2NEr* S 1tbt1cA,ErNeD . ~8c!

Equation ~8a! describes the generation of carriers and
formation of excitons. The last term reflects the results of
two-beam experiment. The excess carrier density is c
trolled by bimolecular formation of excitons. The form of th
functional dependence of PL intensity on power@Eq. ~4!#
the

d.

d
of

e

e-

d

is

t
d
i-

n
-

s

e
e
n-

indicated that there are two loss mechanisms, the rate
which increase with the excess carrier density. We identifi
one as the impurity Auger back transfer~regime IV!. The
second one is most likely the loss of excitons by Auger-ty
processes@Fig. 1~b!# with free carriers~regime III! which is
accounted for by the second term in Eq.~8b!. The third term
in the exciton equation describes the excitation~te! of the Er
~regime III!. The factor in parentheses in the last term is t
residual fraction of unexcited Er centers~NEr is the total
number of Er centers!. This value approaches zero at hig
excitations, leading to a saturation in luminescence intens
The last equation~8c! for the concentration of excited E
reflects the two possible deexcitation paths~regime IV!: ra-
diative emission with spontaneous emission timetr and im-
purity Auger quenching which is proportional to the dens
of free carriers.

Figure 15 demonstrates the good agreement between
simulated and measured power dependence. The fitting f
tion Eq. ~4! can be derived from the analytical solution fo
the steady state in the limit ofNEr* !NEr given by

I ~G!5
NEr*

tsp
5

G

F11
tex
cA,x

SGa D 1/2GF11
tsp
cA,Er

SGa D 1/2G . ~9!

The good fit with Eq. 4 which is valid forNEr* !NEr , seems
to indicate that under the present experimental conditio
i.e., Er peak concentration and depth, the maximum li
output at low temperatures is limited by the Auger proces
and not by the number of excitable Er ions. Due to the co
plex structure of the real samples~spatial inhomogeneity,
recombination at surface and implantation defects, etc.! this
model provides only a semiquantitative description.

In the following paragraphs we apply these rate equati
to describe the PL decay curves, the power dependenc

FIG. 15. Simulation results: power dependence at 4 K; d
points ~symbols! are from the 4 K curve in Fig. 3; the solid line is
simulated with tr51 ms, te54 ms, a510212 cm23 s21,
cA,x51310210 cm3 s21, and cA,Er510212 cm23 s21. Inset: simu-
lated decay curves for high generation rates~G51022 cm23 s21!
illustrating the effect of impurity Auger back transfer on the dec
curve. The intensity is normalized.
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the emission intensity and the two-beam experiment and
cuss the reasonableness and the consistency of the pa
eters. Assuming that the maximum applied power~1.6 W in
a beam spot of 2-mm diameter! corresponds to a generatio
rate of 1021 cm23 s21, we obtain the following set of param
eters: tsp51 ms, tex54 ms, a510212 cm3 s21,
cA,x51310210 cm3 s21, and cA,Er5(0.2 . . . 1)310212

cm3 s21. The solid lines in Fig. 13 show the simulated dec
profiles for two different excitation powers, demonstrati
that the observed fast component indeed appears at high
eration rates and is due to the initial decay of excess car
The inset of Figure 15 compares simulated normalized de
curves withcA,Er50 andcA,Er510212 cm23 s21. In the case
of cA,Er50, i.e., no back transfer, there is no influence of t
other loss process~regime III! on the decay time, i.e., in thi
case the excitonic Auger recombination. The dashed lin
Figure 14 illustrates the excellent results of the application
the model and the parameters to the PL two-beam exp
ment. The strong and nonlinear increase of the effective
cay rateteff

21 ~Fig. 14 and inset! with increasing background
generation cannot be explained by the continuous pump
only without the Impurity Auger quenching of the Er excite
state lifetime with excess free carriers.

Hangleiter and Ha¨cker35 investigated the process of exc
tonic Auger recombination@Fig. 1~b!# for low carrier con-
centrations in Si. In their research on electron-hole-elect
recombination processes, they considered the effect
electron-hole correlation due to Coulombic interactio
which enhances the probability of Auger processes part
larly at low temperatures and low carrier densities. Introd
ing an electron-hole correlation factorgeehthe rate for Auger
recombination is nowR5geeh, cA n

2p. The correlation fac-
tor depends on the carrier concentration and tempera
From Fig. 2 in Ref. 35 one can see a simple relations
geeh5531017 cm3/n which complements the experiment
and theoretical data of Hangleiter’s paper well in the conc
tration range between 1016 and 1018 cm23. With the free-
carrier Auger coefficient for high concentrations36

cA52310231 cm26 s21, this leads to R51310212

cm23 s21 np. In our simple three-particle model~free elec-
trons, excitons, and Er centers! we split the electron-hole
electron interaction into two subsequent steps: exciton
mation and exciton-electron Auger recombination@see Fig.
1~b!#. Since the slower process gives the total rate, we
conclude that the values obtained from our simulatio
~a510212 cm3 s21, cA,x51310210 cm3 s21! agree very well
with this work. Note that our simulations@Eqs. ~8a!–~8c!#
and the fitting to the experimental results cover only the l
temperature PL~4 K!, where all background carriers are fro
zen and only excess carriers (n5p) are considered.

The model assumptions regarding exciton formation a
exciton-electron Auger recombination can also be confirm
by measuring the power dependence of the boron bou
exciton line at 1.14mm. The binding of an exciton at th
neutral boron and the subsequent radiative recombinatio
a competitive process in regime III.

Since the emission intensity is proportional to the num
of excitons, we obtain:

Nx5
G

F 1te1cA,xSGa D 1/2G , ~10!
s-
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PLB2BE5
c7p

c81Ap
. ~11!

Figure 16 demonstrates that the intensity of the boron bou
exciton line ~see inset! follows this dependence over fou
decades of excitation laser power.

The coefficient for the impurity Auger effect was calc
lated by Langer and co-workers.28,37Assuming only electric
dipole interaction a simple formula was obtained for the i
purity Auger coefficientcA,Imp and the critical densityn0
when radiative and radiationless processes have equal r

cA,Imp5~n0tsp!
21, ~12!

n054p5/2nr
5l0

27/2Sm*m0

aB

a0
D 1/2. ~13!

n1 is the refractive index;l0 is the transition wavelength;m*
andm0 are the effective and free-electron masses, resp
tively; a05

1
137, andaB is the Bohr electron radius. Substitu

ing the symbols with the corresponding values for Er in
~l051.54mm, tr51 ms! we obtainn057.631014 cm23. In
agreement with our observations, Langer’s theory pred
that impurity Auger processes in silicon become importan
relatively low carrier concentrations. The calculated value
cA,Imp51.4310212 cm23 s21 is in good agreement with ou
value ofcA,Er obtained above from the application of the ra
equations@Eqs. 8~a!–8~c!# to our measured data.

D. Energy back transfer by the impurity Auger effect
via equilibrium free carriers

Spreading resistance measurements on Er/O-impla
and -annealed samples revealed the type conversion
large fraction of the implanted layer fromp to n-type @Fig.
11~b!, sampleA#. The comparison with the SIMS profile
shows that most of the implanted Er lies in then-type region
as well as in the depletion region of the second juncti
Temperature-dependent Hall-effect measurements on a
low implanted sample~sampleB! show the presence of sha
low and deep donors after the implantation and annea
process, with thermal activation energies of 20 and 1

FIG. 16. Power dependence of the boron bound-exciton
intensity ~4 K, sampleA, PL spectrum in inset!. The solid line is
fitted with Eq.~11!.
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meV.38 As the concentration of shallow donors~;531016

cm23! is about six times higher than the shallow boron a
ceptors~831015 cm23! the apparent activation energy me
sured for temperatures above 70 K corresponds to the
of the true ionization energy of 40 meV~i.e., negligible
compensation!. In this section we show that these shallo
donor states provide the electrons for the impurity Aug
backtransfer process.

Figure 17 shows the PL decay curves at low excitat
powers for three different temperatures. At 4 K a single-
exponential decay is observed with a time constant reso
of 1290ms. With increasing temperatures a fast compon
appears. Here we can rule out the effect of excess car
discussed in Sec. IV C. There is no fast component at 4 K at
these low excitation powers. For a given pumping power
quenching effect via excess carriers should be most
nounced at low temperatures where the excess carrier
times are long enough. Considering the spatial distribution
the Si:Er centers presented in Fig. 1~b!, we propose that the
two decay components correspond to the decay of Er cen
in the n-type ~n.0! and depletion regions~n50!. In the
n-type region the concentration of equilibrium free electro
increases with increasing temperatures by ionization of
shallow donor states. These free carriers reduce the effe
excited-state lifetime of Si:Er centers in this region by t
impurity Auger effect. While the temperature dependence
the contributions, i.e., the ratio of intensities, of the fast a
slow components depend on the distribution of genera
carriers and the spatial distribution of donors, the decay t
should have a simple temperature dependence. Rewriting
~6! with the thermally activated concentration of carriers,
obtain

teff5H 1

tsp
1c0expS 2

EA

k•TD J 21

. ~14!

In Fig. 18 we plot the short decay time as a function
temperature. The solid line is a fit with Eq.~14!. We obtain
tsp51290 ms, c950.067, andEA524 meV. The activation

FIG. 17. Low-power PL decay curves and fitted exponent
~60 mW, sampleA!; 4 K; one exponential~1290ms!; 100 K, two
exponentials~270 and 1033ms!.
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energy of 24 meV is in good agreement with the free-car
activation energy obtained from the Hall-effect measu
ment. The attribution of short and long components to
centers in then-type and depletion regions, respectively,
supported by the EL decay experiments in Sec. IV C wh
we were able to control the contribution of these compone
by varying the depletion width through a reverse bias dur
the decay half-cycle. We showed above that a short de
component arises with an increasing excitation level due
the excess carrier quenching. The relative contribution
the time constants therefore depends on the net carrier
centration given by background doping and process-indu
electrically-active defects, and on the spatial homogen
and injection level.

In order to estimate the upper limit of the contribution
the impurity Auger effect with equilibrium free carriers t
the thermal quenching of intensity we replacecA and n of
Eq. ~7! with the impurity Auger coefficient obtained from
our simulations~cA,Er510212 cm23 s21! and the maximum
carrier concentration at 300 K obtained from SRP of sam
A ~Fig. 16, n5231016 cm23!. We obtain an effective life-
time of 20ms. Compared to the spontaneous emission ti
of 1 ms, this would account only for a quenching by a fac
of tsp/teff550 which is much less than observed for low las
powers~;103!. It is evident, however, that the first step o
thermal quenching between 4 and 100 K~Fig. 2! can be
attributed to impurity Auger back transfer with equilibrium
free carriers. The apparent activation energyEt510 meV for
intensity quenching obtained from the fitting by Eq.~2! is
different from the value obtained from the initial decay tim
because the total emission intensity is determined by S
centers in all three regions~n, p, and depletion layer!.

Taguchi, Nakagome, and Takahei20 consider the impurity
Auger effect with bound carriers as a possible quench
mechanism for Yb in InP at low temperatures. If the carrie
were bound to the Er with a binding energy of 20 meV, w
would, however, expect an increase of lifetime with tempe
ture as the thermalization of these carriers would inhibit t
nonradiative relaxation process of the excited 4f shell. Tagu-
chi, Nakagome, and Takahei proposed that the Yb lumin
cence may be quenched by the impurity Auger proc
through electrons that are captured by the Yb-related
from distant shallow donors after the excitation process. T
temperature behavior of such an indirect process is less
vious: it depends on the ionization energies of the shal
donor and the RE-related trap. We cannot not rule out suc

s

FIG. 18. Temperature dependence of the short PL decay c
ponent~60 mW, sampleA!; the solid line is fitted with Eq.~14!.
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process without further knowledge about the nature of
observed deep and shallow donors in the Si:Er:O system.
believe, however, that the impurity Auger effect with fre
carriers is more likely the dominant process: first, because
our results, i.e., the quenching by excess carriers, EL de
under reverse bias and the correlation between the temp
ture dependence of the low-power short component and
free-carrier concentration, can be explained by this proc
second, because theoretical predictions and experimenta
sults on CdF2:Mn ~Ref. 29! show that the impurity Auger
quenching by bound carriers is about two orders of mag
tude smaller than that by free carriers.

The disagreement between the observed quenching ra
the emission intensity and the extrapolated lifetime quen
ing by the impurity Auger effect suggests that the obser
activation energy of 160 meV cannot be due to impur
Auger quenching by free carriers which are released fr
deep donors atEc-160 meV. In Sec. IV E we present exper
mental evidence of this important conclusion. We reveal
presence of a second back-transfer process from Si:Er w
is responsible for the thermal quenching above 100 K.

E. Evidence of a second back-transfer process

In Sec. IV D we showed that the fast component in t
low-power PL experiment, which arises at higher tempe
tures, can be attributed to the impurity Auger effect via fr
equilibrium carriers in then-type region. In Fig. 19 we plo
the temperature dependence of the long component tha
attribute to Er centers in the depletion region~circles!. Due
to the absence of free equilibrium carriers, the decay tim
almost constant in the range from 4 to 100 K. For high
temperatures, however, the long component also decre
rapidly. The solid line is a fit with Eq.~14!, which yields an
activation energy of about 150 meV.

In order to examine the role of the depletion region wid
we performed a corresponding EL experiment on a proces
400 keV LED ~sample D!. The EL decay curves were mea
sured under reverse-bias conditions. Fig. 19~diamonds!

FIG. 19. Temperature dependence of the long component
decay of sampleA at low power ~circles! and EL decay under
reverse bias~sampleD!. Solid lines are fitted by Eq.~14!, yielding
an activation energy of 150 meV for both sets of data.
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demonstrates that the long decay component shows the s
dependence as in the PL experiments. Above 100 K the l
component decreases rapidly with the same activation en
~150 meV!, and it falls below the system response time
temperatures above 160 K. We have shown by the EL
periments~Sec. IV B, Figs. 6 and 7! that the contribution of
the long component can be controlled by the reverse b
The control by reverse bias and the small decrease up to
K therefore show indeed that the long decay componen
the EL decay under reverse bias is dominated by Si:Er c
ters inside the depletion region.

By temperature dependentC-V measurements we con
firmed that the reverse bias depletion layer capacitance o
shallow implant LED increase only by about 5% from 100
300 K. As the capacitance is inverse proportional to
depletion layer width, we can conclude that the deplet
width does not change significantly in this temperatu
range. The narrower distribution of Er for the shallow im
plant ~peak depth at 130 nm! ensures that all Er centers a
inside the large reverse-bias depletion region~800 nm!.
Hence, despite the absence of free carriers we can obse
strong decrease of the excited Er lifetime above 100 K. T
result leads to the important conclusion that the therm
quenching above 100 K must be caused by a different, n
radiative energy back transfer mechanism.

The quenching activation energy of 150 meV correspo
approximately to the second activation energy obtained fr
the temperature dependence of the emission intensity@Fig. 2
and Eq.~2!#. The energy is close to the deep donor lev
which we obtained from Hall effect. Er/O-related states
the band gap close toEc-160 meV have been previousl
found by other groups by deep-level transient spectrosc
measurements.10,11,39 In Refs. 10 and 11 the authors pro
posed the thermalization of the exciton bound to aEc-150
meV band-gap state as the quenching mechanism for
luminescence of Er in Si. This process, however, can o
decrease the pumping efficiency~regime III, Fig. 1! and
should not result in the decrease of the effective excited s
lifetime, as discussed above.

The paper by Coffaet al.14 reported the decrease of th
1/e time of the two observed decay components with te
perature. This result was attributed to backtransfer proce
in agreement with our results. As mentioned above, th
interpretation of the components as two Er species can
account for our decay experiments under different bias c
ditions. In Ref. 11 the decay curves were decomposed
two decay components with 1/e times of;80ms and;1 ms
~Figs. 3 and 4 in Ref. 11!. The temperature dependence
the time constants is not shown in that paper. It is argu
however, that in impurity-rich Er-doped Si the luminescen
intensity is dominated by an Er configuration with a fa
decay. The thermal quenching is attributed to the therm
zation of the bound exciton. Conversely, the analysis of
preceding sections show that in our Er/O-doped samp
both decay components decrease subsequently with inc
ing temperature below the time resolution of our system~20
ms!. Due to this experimental limitation our conclusion o
the second back transfer is limited to the temperature ra
below 200 K. Shinet al. recently40 investigated the Er lumi-
nescence of hydrogenated amorphous silicon films. The
multaneous decrease of luminescence intensity was

L
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plained by back-transfer processes, too. Conversely, Van
Hoven et al.41 recently reported on the thermal quenchi
behavior of amorphous silicon films highly doped with
and O. Little temperature quenching of intensity was o
served, and the decay curves showed two components
temperature independent time constants and ratio of co
butions. Little thermal quenching was also observed for Ex
nanocrystals, a silicon matrix,42 and Er implanted in porous
silicon.43 The understanding of these interesting noncrys
line silicon-based materials may help to understand the p
ics of Er in crystalline Si. It should be noted, however, th
these materials are distinctively different, and often mu
less defined in terms of structure, chemistry, and electro
properties, particularly the band gap.

As a possible second backtransfer process we sugges
nonradiative energy transfer from the excited Si:Er to
excitation of a carrier bound to the 160 meV donor lev
This transition requires thermal energy to supply the ene
difference between the 0.81 eV 4f transition energy and the
distance between the valence band and donor le
DE5~Ec20.16 eV!20.81 eV50.15 eV. A similar process
has was proposed for Yb in InP by Taguchi, Takahei, a
Horikoshi.21

V. CONCLUSION

We have showed that the thermal quenching of the
luminescence in Si is caused by nonradiative ene
backtransfer processes. The total number of excitable E
mains constant with temperature. We have demonstrated
the impurity Auger process is the dominant quench
mechanism for Er in Si below 100 K. The observed fa
initial decay component at high pumping powers was att
uted to the decay of the excess carrier concentration w
results in a time dependent probability of the nonradiat
energy back transfer. Considering exciton formatio
exciton-electron Auger recombination and the impurity A
ger effect with free~excess! carriers, the power and tim
p
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dependence can be well described by analytic simulat
We have shown evidence of an additional backtransfer p
cess with an activation energy of about 150 meV which s
in above 100 K.

The involvement of the 4f shells makes rare-earth cente
unique among other recombination centers in semicond
tors. First, excitation and emission occur between disc
energy levels. Since 4f electrons are not valence electron
no phonon replica can be observed in the PL spectra. S
ond, although the recombination energy of electron-h
pairs or~bound! excitons is not resonant with the 4f transi-
tion energy, the excitation process is surprisingly efficien
low temperatures, compared to optical pumping of Er
glass hosts or other luminescence mechanisms in silicon.
long spontaneous emission time provides thattex!tsp.
Hence, the recombination energy is stored in the 4f shell for
a time which can be longer than the excess carrier lifetim
This energy storage, however, causes a vulnerability to n
radiative energy backtransfer processes like the impurity
ger process, as we show for the case of Er in Si. The
provement of room-temperature quantum efficiency w
require a profound understanding of these backtransfer
cesses and of the excitation mechanism, too. As it has
ready been shown experimentally, the ligands, like oxyg
or flourine, play a crucial role in the enhancement of lig
emission from Er in Si.7–11 Optimization of the role of the
ligands in the excitation and back transfer processes, thro
band-gap states, crystal field engineering or coupling to
lattice, is the pathway to increased quantum efficiency.
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