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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 4 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 procesgS0163-182806)07040-3

[. INTRODUCTION tons. In Sec. IVD we show that at low temperatures the
dominant processes after excess carrier generation are the
formation of excitons and their subsequent recombination by
Since the first report in 1983,both scientific and Auger processes. Recombination by nonradiative energy
technology-motivated research has increasingly focused omansfer to free carriers competes with the Si:Er excitation
the luminescence of Er in Si. By building the first Si-basedprocesgFigs. 1a) and Xb)]. We show in Sec. lll that the
light-emitting diode(LED), which operates at room tempera- electroluminescence of Er in Si is far more efficient than
ture ath=1.54 um, we found that Er doping of Si is a viable direct optical pumping of Er-doped fibers for optical ampli-
approach toward a Si microphotonic technol8gyOur ob-  fiers.
jective is to establish an integrated-circuit-compatible pro-
cess technology for integration of optical interconnection
with Si electronics. Current research in the field addresses
material properties of the Si:Er systénf,optical activation
and luminescence enhancement by codoping of Itisimportantto understand the kinetic regimes of energy
impurities! ' and the physics of the Er luminescertée!*  flow for recombination at rare-earth centers in semiconduc-
In this papel® we analyze in detail the excitation and tors. The rate-limiting step for electron-hole recombination is
deexcitation processes of the Si:Er center. The sharp linthe dissipation of the energy difference between the initial
luminescence ah=1.54 um arises from the'l,5=%,5, and final states. Figure(d depicts a serial sequence of en-
transition from the excited, innerf4(Ref. 11) shell of the ergy transfer comprised of four regimes. In a serial sequence
Er" configuration. In contrast to other luminescent pro-of events, the slowest process dominates. In regimes |, Il
cesses in semiconductors, rare-earth luminescence arisasd IV, parallel processes compete for the energy flow. For
from spin-state transitions; therefore it does not directly in-parallel processes the fastest mechanism will dominate. All
volve changes of charge state or the occupancy of bands, processes preceding or competing with the Auger Er excita-
band-gap states. The luminescence of Er in Si is always eletion will determine the emission intensity without affecting
troluminescenc€EL), in that excitation involves the genera- the luminescence decay time. In regime 1V, both the decay
tion of electron-hole pairs followed by a nonradiative energytime and the emission intensity are controlled by the fastest
transfer of the recombination energy to the Er inndr 4 of the two processes. For slow nonradiative back-transfer
shell’® A theoretical evaluation of the excitation processprocesses, the spontaneous emission lifetime of the excited
suggests that an intracenter Auger protepsovides the en-  state of the rare-eartiRE) center is observed. For fast back
ergy transfer to the #shell by electric dipole and exchange transfer, the rate of nonradiative energy flow is observed, and
interactions. The efficiency of this process is greatly en-the radiative emission is reduced.
hanced if a state in the band gap associated with the Er center As an internal, discrete-to-discretd 4tate transition, the
allows a localization of energy in the form of bound exci- Er luminescence energy is independent of band gap and,

A. General

B. Energy flow for recombination at rare-earth centers
in semiconductors
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cesses involving the energy transfer by electric dipole or ex-
change interaction between the& #lectrons and free or
bound carriergFig. 1(c)].

This work demonstrates that energy back-transfer pro-
cesses are responsible for the thermal quenching of the Er
luminescence in Si below 200 K. The direct evidence of
back-transfer processes is the correlation of photolumines-
cence decay time and intensity. A decrease of Si:Er decay

time by a shortening of the spontaneous emission time
should lead to an increase of luminescence intensity. We
observe a decrease of the lifetime with a concurrent loss of
emission intensity. This correlation argues strongly for a fast,
competing nonradiative process of energy back transfer from
the excited Er center to the crystal host.

We show that the impurity Auger effect decreases the
excited-state lifetime of Er in Si, and controls the thermal
quenching in the temperature range from 4 to 100 K. Mea-
surements of the dependence of photoluminescence intensity
Vs excitation power show that 4 K the internal quantum
efficiency decreases by three orders of magnitude with in-
creasing pump power. We demonstrate that impurity Auger
recombination and exciton-electron Auger recombination
can reduce both the pumping and the radiative efficiency of
Si:Er [Figs. 1a)—1(c)].
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Ec Il. EXPERIMENT

Lexcst. ——— . Boron-doped Czochralski-grown Si wafers were im-

planted with Er and O, resulting in peak concentrations of
5x10' and 3<10™ cm™3. We used two different implanta-
tion energies 4.5 MeV and 400 keV for Er, which correspond
g.st. v to peak depths of 1.4m (deep and 0.130um (shallow),

respectively. The oxygen implant energies were chosen ac-
cordingly to match the Er profiles. For this paper we consider
four types of samples: samphe(deep implantandB (shal-

FIG. 1. (a) Excitation and deexcitation processes of Er in Si. All |ow implany were subsequently annealed at 900 °C for 30
processes in bold letters are comprised in a model which is prefin in an argon ambient. Mesa LED structures were fabri-
sented in Sec. IV C to describe the low-temperature Er luminescated with an As1 emitter by implantation prior to the Er/O
cence phenomendb) Exciton-electron Auger recombination pro- implantation. For sampl€ (deep implant the emitter im-
cess.(c) Energy back transfer from the excited Ef ghell by an  plant was annealed at 1000 °C for 2 h. After Er/O implanta-
impurity Auger process with free carriers. tion the Si-Er centers were activated by the same 900 °C/30-
min anneal. For sampl® the (shallow As/Er/O LED

hence, does not change with temperature. The emission ifmplants were annealed together at 800 °C for 30 min. After
tensity, however, can strongly decrease by as much as thré@nealing, open Al front contacts were fornfeBor photo-
orders of magnitude as the temperature increases from 4 fgminescence (PL) spectra a mechanically chopped
300 K. The following are three different possible causes forr =488-nm Ar-ion laser beam provided the excitation. For
the observed thermal quenching. EL spectra the devices were forward biased with a pulsed
(1) The total number of optically active, excitable Er cen- Voltage generator. A liquid-nitrogeLN)-cooled Ge detec-
ters decreases, for example, by a temperature-controlld@'. & grating spectrometer, and a lock-in amplifier were used
structural transition to a nonluminescent configuration.  for signal detection. For the decay measurements the latter
(2) The pumping efficiency decreases by processes occufomponents were replaced by a 1/&#/40-nm bandpass
ring between electron-hole pair generation and the Er excifilter, @ LN-cooled InGa _P detector, a current amplifier,
tation. These are the processes in regimes I—IIl of Fig), 1 e}nd a digital oscilloscope. The measurement system response
such as competing recombination processes, e.g., via dedge was 20us.
traps and Auger processgsig. 1(b)], or the decrease of the
excitation efficie'ncy by thermalization of carriers from an Ill. EEFICIENCY OF ELECTROLUMINESCENCE OF Er
Er-related state in the band gap. IN Si
(3) The radiative efficiency decreases by a nonradiative
energy back transfer from the excited Hr ghell[regime IV Er doping is employed in glass hosts for commercial la-
of Fig. 1(a)]. Possible energy back-transfer mechanisms arsers and optical amplifiers. These devices operate by optical
multiphonon emission processes or impurity Auger pro-pumping at\=960 nm. In contrast, the pumping of Si:Er is
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always mediated by electron-hole recombination. The effi-
ciencies of these two different excitation mechanisms may
be compared by relating the incident flgghotons or elec-
trons per secondo the emitted photon flux. Optical excita-
tion is commonly characterized by the photon capture cross
sectionoy, as defined by the equation

units)

@y = ToPinNer, 1

where Ng, is the density of Er centers integrated over the
depth. For the case of Er incorporation by ion implantation,
this value corresponds to the implanted Er ddgg.and®,,

are the incident and emitted photon fluxes. To calculate the -
“effective photon capture cross section” for Si:Er from our 10° ; ' : '
photoluminescence experiments at 4 K, we intentionally ab- 0 100 200 300

stract from all processes between photon absorption by the Si

host and light emission from the Si:Er center. The lowest and T (K)

highest laser powers which we applied are @M/ and 1.6

W. Losses due to cryostat windows and Si surface reflection FIG. 2. PL intensity vs temperature for two different excitation
reduce the absorbed power by about 70%. At the argon-iol#Ser powergsampleC).

laser wavelength k=488 nm the coupled incident photon

B 60mW

PL Intensity (arb.

excitation power. In Secs. IVD and IV E we present evi-

fluxes (d;,) are of 7.4<10'? and 1.2<10™® s™2, respectively.
Taking into account the extraction losses due to total internal€Nce that the two apparent processes are backtransfer pro-
cesses.

reflection and light collection due to the experimental geom--~>> ) )
Figure 3 presents the dependence of PL intensity on laser

etry, we obtain, at 4 K, typical total output powers of 0.15 ) ; -
and 10W which correspond to emitted photon fluxes, ) power for different temperatures in a log-log plot. In this plot
of 1.2x10% and 7.8<10" s ! at \=1.54 um for the two the slope of the curves increases with increasing temperature.
different injection levels. With the Er doshg=3x10% The log-log plot reveals that particularly at the two lower
cm 2, Eq. (1) yields values for the “effective photon capture (€mperatures the dependence cannot be described by a
cross section” ofo,=5.2x10"*° and gp=2.2x 1018 e s!mple power law. .The calculation of internal quantum effi-
for the low- and high-power excitation, respectively. ciency in Sec. lll yielded a decrease of three orders of mag-
Comparing to the value of,=2x102! cn? for Er in nitude over the measured range of five decades of incident
glass hostd® we can conclude that the electrical excitation of /2S€r Powers10 uW to 1.6 W. We show below that the
the Er 4 shell luminescence is 3—6 orders of magnitudedecre_ase of the total eff_|C|ency is caused by Auger processes
more efficient in Si than optical excitation in glass hosts. The?ffecting both the pumping efficiency,,,,and the radiative
internal quantum efficiency; , however, is low compared to  ffiCIENCY 759. Interal quantum efficiency can be described
-V band-edge luminescence: for these samples it range@S the product of the pumping efficiengy,m,and the radia-

from 5% to 0.002% at the lowest and highest powers, respediVe €fficiency 7!

tively. In Sec. IV we show that the decrease sfand oy 1 1
with excitation power is due to Auger processes that de- 7= Npump/lrad™ ) 3
crease both the pumping and radiative efficiency. 14 Tex <1+ @)

cp Tht

IV. RESULTS

-1

10
A. Dependence of emission intensity on temperature

and pumping power

units)

Figure 2 shows the dependence of PL intensity on tem-
perature in a semilog plot for two different pumping powers.
There are two distinct regimes indicating two different
mechanisms which are responsible for the thermal quenching
of the emission intensity. A double-exponential (iolid

E,

line), by the equation
I(T)=1o{ 1+c €X KT +Cyex Tl (2
107 5 -4 -3 -2 -1 o 1 2 3

gives activation energies &;=10 meV andE,=160 meV 0" 10" 107 10° 10" 10 100 100 10

for both pumping laser powers. The fitting parametgrand Power (W)

C, can be understood as coupling coefficients for two acti-

vated processes. They depend, however, on excitation power FIG. 3. PL intensity vs. excitation power for three different
because the quenching ra(@)/1, decreases with increasing temperaturegsampleC).

(arb.

PL Intensity

S50 0 ennd el FEUTITT RS T B ATRETTT EETETRTITT EETAETITT M ATRTTIT




17 606 PALM, GAN, ZHENG, MICHEL, AND KIMERLING 54

: ' : reverse 0 t

10 ¢ .
:f 4K >
2 [
10 Zero t

PL decay time
(ps)

Voltage
(=]

L R

Sy i

2% 1dF . forward o t

- O :

QN F 4K—> bias excit. excit.

O~ -1 decay decay

L g 10

o= F

H S N

gg 10° e FIG. 5. Pulse scheme for the EL decay experiments.
0 50 100 150

simultaneous decrease of both intensity and decay time with
increasing temperature is strong evidence of a competing
nonradiative process that decreases the radiative efficiency of
FIG. 4. Temperature dependence oé Dlecay time(top) and  the Si:Er center. The decay time corresponds to an effective,

1000/T (K~ 1)

intensity (bottom) measured at low pow&PL, 60 mW, samplé\). internal lifetime 7. of the excited Si:Er center
The first factor(77,,mp reflects the temporal branching in i_i+i )
regime I [Fig. 1(a)] by processes$r,,) competing with the Tett  Tsp  Tot

excitation (7,,). The second factof,,y represents back- ] ] o
transfer processes;,) competing in regime IV with sponta- reflecting the decay of excited Er centeg, by radiative
neous emission timér,,). transitions(7;) and competing back-transfer proces¢gp

In the case of Auger processes with excess carriers, wi the ground statfregime IV in Fig. 1a)]. When the prob-
expect that the probabilities of competitN(egpl) and back- ability of the nonradiative transitions is greater than the
transfer (7)) processes are proportional to the free-carrieSPOntaneous emission time, the decay time will decrease, and
density. Due to the indirect band gap of silicon the exces& higher generation rate is required to achieve the same
carrier density is controlled by the bimolecular formation of Steady-state population ®z,. This construct is consistent
excitons at low temperatures, and is therefore proportional téith the changes of the PL power dependence with tempera-
the square root of generation rate, i.e., the pumping power. Itre. As the PL intensity is proportional tdg /7, the PL
Sec. IV C we will confirm the square-root dependence by dntensity will decrease, or more power is needed to achieve
two-beam PL experiment. We find, indeed, that all threethe same PL intensity. In E@4) for the power dependence,
curves can be fit by the following function of pumping this decrease of efficiency with temperature is reflected by
power p, which is similar to Eq(3): the increase of the parametergor c5. The physics of the
temperature-dependent loss process is contained in the varia-
Csp tion of ¢, andcs with temperature. The correlation of decay
= , (4)  time and emission intensity at=1.54 um in Er-doped sili-

(Cst \/E)(05+ \/E) con was previously reported in Ref. 14. Back transfer pro-

_ cesses at RE in semiconductors have been discussed not only
wherecs, ¢,, andc; are fitting parameters.tA K the output ¢ " i Er systeni21 but also for INP:YB9-2% [np:Er??

intensity apparently saturates at high pow@tepe equals to GaAs:Er? INP, 45 ASy 47 Yb,2* and GaP:Nd®

zerg. This maximum intensity value corresponds to the fit-~ ir;creagi'?fg sld(;))?e of the PL vs bower curves and the
ting par?metecg. Al ciurt\)/es gverte ;gﬁf‘: m:ihep?hndenttly. The extrapolation to high powers indicate that for all tempera-
parametecs varies only by abou o for the three Iempera-y, o5 the intensity would saturate at the same level if enough
tures. The parametecs andcs increase with increasing tem- ., o couid be provided. This behavior confirms that the
peie(l)tUSr.e. a; 4tK2%1o:%00—2é05:9312§’ at 70 K’C4:t0'006’ total number of optically active Er centeX, is independent
Cs=0.o, and a F4=2, Cs=o. SINCE PAramel&; ré- ¢ o mperature. Coffat al?® recently showed a similar de-

mains gpprommately constant, this _f|tt|ng f_unct|on pred'Ctsl}%endence of electroluminescence intensity on drive current.
saturation at about the same intensity at high pump powe

independent of measurement temperature, as evident in Fig.
3. The fitting functionEqg. (4)] is the analytical steady-state
solution of a set of rate equations which we present in Sec. In the section we investigate the processes which decrease
IV C. the radiative efficiency with increasing pump power and
Figure 4 compares the temperature dependence of the Remperature. In order to evaluate the participation of free
decay time(1/e time) with that of the PL intensity. The de- carriers via an impurity Auger proce$Big. 1(c)] we mea-
cay curves were measured at low laser pov@dsmW) from  sured EL decay curves at 40 K, applying different bias con-
4 to 160 K. Above 160 K the decay time drops below theditions during the decay half-cyc|é€ig. 5]. Figure 6 shows
system response time of 26s. As pointed out in Sec. |, the that under zero-bias conditions the decay signal is composed

()= p

B. Electroluminescence decay curves
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FIG. 8. EL decay at 40 K for different drive currentsample
C).
FIG. 6. EL decay at 40 K for different bias conditions during

decay cyclelsampleC). current to 70 mA the intensity ratio of faé40 us) to slow

(675 us) components becomes 4:1. To examine these two
of fast and slow components. Fitting two exponentials to thecomponents we recorded EL spectra at different bias condi-
measured profiles we obtaineldecay times of 82 and 770 tions during decayFig. 9 and for different drive currents
us contributing to the signal in an intensity ratio of 1:1. followed by zero biagFig. 10 during the decay. The spectra
Under reverse bias the contribution of the fast component iare identical regardless of the different decay profiles.
strongly decreased, and the two-exponential fit yields 240 The EL decay experiments show that the effective life-
and 1 ms and with an intensity ratio of 2:5. A small forward time decreases for forward- relative to reverse-bias condi-
bias results in very a fast dec&$80 and 49us, intensity  tions. The change of bias from forward to reverse corre-
ratio 1:3. At higher temperatures the effect of reverse biassponds to an increase of the depletion-layer width. Figure
on the contribution of the long component is even more pro4.1(a) shows a spreading resistance prof&RP of the LED
nounced. At 100 KFig. 7) the two-exponential fit yields 20 (sampleC) and the Er distribution obtained by secondary-
us/700 us (intensity ratio 8:1 under zero bias, and 3@s/  ion-mass spectromet§BIMS). The position of the junction
820 us (intensity ratio 1.} under reverse bias. (at a depth of 1.6um) is controlled by donors introduced by

We observe a related phenomenon when pumping witlEr/O implantation and annealing. Capacitance-voltaGe (
different drive currents and measuring the EL decay undew) measurements at 40 K give depletion region widths of 0.4
zero-bias conditions. Figure 8 shows three decay curves faind 1 um under zero and reverse biél5 V), respectively.

2, 16, and 70 mA, respectively. At the lower drive currentThe Er-doped layer, therefore, is mostly depleted under the

the double-exponential fit yields two components with 199applied reverse-bias voltage. At the measurement tempera-

and 930us with an intensity ratio 1:2. Increasing the drive ture a large fraction of the Er layer is outside the depletion
region at zero bias. Taking into account that the doping pro-
file is almost symmetric near the junction, from the SIMS

10 ¢ profile we estimate fractions of 46%, 44%, and 10% of Er

0 : T=100K ions in the n-type, depletion, ang-type regions, respec-
e}
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FIG. 7. EL decay at 100 K under reverse and zero-bias condi- FIG. 9. EL spectra at 40 K for different bias conditiomesolu-
tions (sampleC). tion 8 A, sampleC).
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tively, for zero bias. For reverse bias we obtain about 23%gvard biases(corresponding to 2- and 6-mA forward current

(n), 75% (depleted, and 2% ). Therefore the decrease of

during decaysampleC). A two-exponential fit yields 5@s/670us

decay time at zero bias implies that the probability of the(intensity ratio 2:1 for zero bias, 33us/202us (intensity ratio 3:1

competing nonradiative procege regime IV of Fig. Xa)] is
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for 2 mA, and 23us/67 us (intensity ratio 8:1 for 6-mA.

dependent on the availability of equilibrium free carriers. As
shown belowm(Sec. IV D the carrier density in tha region
is controlled by deep and shallow donors. If the equilibrium
free-carrier density increases above 40 K, we expect at
higher temperatures a strong short component for zero-bias
decay which is confirmed in Fig. 7. The decrease of the
zero-bias decay time with increasing temperature and its re-
covery under reverse bias support the correlation between the
probability of the competing nonradiative process and the
availability of equilibrium free carriers. The interchange of
decay time and equilibrium free carriers is strong evidence of
the luminescence quenching by an impurity Auger process.
The energy of the excited luminescence center is transferred
to free carriers by electron dipole or exchange interaction
[Fig. 2(c)]. This process is responsible for effective lumines-
cence quenching at Mn in Zri$*® as well as Mn, Gd, and
Tb in CdF,.2%%°

The changes of the decay curves due to different drive
currents(Fig. 8) and due to forward bias during the decay
(Figs. 8 and 1Rindicate that the quenching can also be in-
duced by the injected excess carriers. The contribution of the
short decay components increases with injection level. The
presence of excess carriers during the decay also leads to an
increase of the short contribution, and the decay time of the
long component decreases as the forward current during de-
cay is increase@Fig. 12. This result leads to an explanation
of the shape of the decay profiles under zero-bias conditions:
the excess carrier density decreases rapidly after switching
from forward to zero bias. The excess carriers outside the
zero-bias depletion region can either recombine or diffuse to
the junction, yielding a time-dependent probability of the
Auger quenching. The effect of luminescence quenching by
excess carriers is particularly evident in Fig. 8: the EL inten-
sity for the highest drive currer?0 mA) drops below the
EL intensity of the 16- and the 2-mA decdthe intensity
scale is identical for all three decay curyeBhe influence of
the excess carrier decay on the EL decay participates in the
backtransfer mechanism, which decreases the effective ex-
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cited Er lifetime. The analytical fitting by two exponentials is 0
therefore only an approximation which is convenient to de- 10°F T=4K
scribe the convoluted change of the decay curves. Increasing I
the driving current and, hence, the carrier density in the Er
region results in an increase of the fast contribution.

In order to investigate the processes discussed above
guantitatively, it is important to consider that the effects on
the EL decay curves are due to spatial inhomogeneity, time,
and temperature-dependent phenomena. In the next two sec-
tions we show how we can separate the impurity Auger ef-
fect by excess carriers on one hand, and by equilibrium free
carriers on the other hand. PL decay curved & for dif-
ferent pumping powers and a PL two-beam experiment cor- 1 . , . ,
relates the back-transfer deexcitati;egime 1V) with ex- 10
cess carriers. The results can be simulated with a set of rate 0 500 1000 1500
equations which couple the excited Ef 4hell to excess Time (ps)
carriers by the impurity Auger effect. The temperature de-
pendence of PL decay curves at low powers of implanted FIG. 13. PL decay curved 4 K for two different laser powers,
and annealed samples yield evidence of the back transfer viglid lines, simulated profiles with rate equatidBs)—(8c).

free equilibrium carriers.

Two decay components with power-dependent ratios of€" effect with excess carriers can effectively quench the
their contribution have also been observed by Ceffal* luminescence of Er in crystalline silicon at low temperatures.

Their interpretation of two different Er species is not consis-

tent with our investigation, since all centers are excited to- ~ C- Energy back transfer by the impurity Auger effect

gether, but the relative contributions can be controlled by via excess carriers

applying different bias conditions only during the decay. Fig- The role of excess carrier impurity Auger back transfer is
ure 12 shows that the decay time under forward bias desupported by PL decay curves for two different laser powers
creases continuously as the forward bias is increased. Therat 4 K of implanted and annealed sampleample A, with-
fore the decrease of decay time by increasing drive current gput additional emitter implajptas shown in Fig. 13. The low
increasing forward bias during decay cannot be ascribed ttemperature and the absence of a collecting junction results
the saturation of an Er species with a long lifetime. Suchin a considerably longer time for the decay of the excess
saturation would instead result in a change of the intensitgarrier density. The observed initial decay time therefore is
ratio of the long and short components, but not in a decreas@uch longer(~200 us). In order to separate the effect of
of the decay time constants of each component. In additiofXC€SS free carriers from equmbrl_um carrier quenching we
to that, the EL spectra give no evidence of different specieg?erformed a two-beam PL experiment at 4 K: a chopped
since they are identical for all casé&g. 9 for different bias HeNe Laser@ mW) was used for excitation and a 488-nm
during decay and Fig. 10 for different drive currentsom-  Ar-ion laser provided a cw background generation. As
bardoet al3! recently reported on a related EL experimentShOW” in Fig. 14 the increase of the cw laser power results in
on metal-insulator-semiconductor structures with amorphous

silicon films highly doped with Si and O. By applying a large 1500
reverse-bias electroluminescence is obtained which is attrib-
uted to impact excitation of Er centers. The observed de-
crease of decay time for the EL intensity when the pumping
level is switched to a lower level was attributed to the con-
tinuous pumping only without invoking the possibility of
Impurity Auger quenching. It should be noted that despite
the similarity between the two experiments, there are large
differences in relevant materials properti@sxcess carrier
lifetimes, band structure, ej¢c.device structure and excita-
tion mechanism. In our devices, no luminescence can be ob-
tained for reverse biases up to 60 V. Whereas the decrease of
decay time under small forward bias could be due to con-
tinuous pumping only, the differences in decay time which
we observe between decay during reverse bias and zero bias 0.00 0.04 0.08

can only be explained by a dependence of the excited-state c¢w Laser power (W)

lifetime on the availability of free carriers. As we will show

in Sec. IV C by modeling quantitatively a more transparent F|G. 14. PL two-beam experiment at 4 K: decay time vs cw
PL experiment, the strong decrease of decay time for smalhser power; symbols, measured data; the solid line is fitted by Eq.
forward bias and the changes of decay time due to differen); the dashed line is the simulation resithplanted and annealed
injection levels support the conclusion that an impurity Au-sample.

Normalized PL Intensity

(us)

1000

0.00 0.10 0.20 0.30

V Power (WO'S)
500

Decay time

0
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a strong decrease in theeldecay time. This result is analo-
gous to the case of decay during forward bias in Fig. 12.

A similar experiment was performed by Benyatetal 3
They showed that free-carrier Auger processes decrease the
pumping efficiency of Er in GaAs. However, no influence of
cw background generation on decay time was observed.
Since the excess carrier lifetimes are much shorter in IlI-V
compounds than in Si a considerable photon flux is required
to generate an appreciable injection level. The dependence of
decay time on cw laser power, i.e., generation Katepro-
vides, moreover, insight into the excitation process. In the
inset of Fig. 14 we replotted the data as.4/-1/7, vs the
square root of the pumping power and obtained a linear re-
lationship. 7y is the decay time without secondary illumina-
tion. Therefore the relationship between decay time and
background carrier generation rdtehich is proportional to
the power of the second beaiis given by:

107 | r=4x

units)

10 7}

¢, gr=10712cm?s 1

0 500 1000 1500

Time (ps}

PL, Intensity (arb.

1072
(W)

0

1073 10t 10

Power

FIG. 15. Simulation results: power dependence at 4 K; data

70
Teff= =, 6
eff 1+C6\E ( )
where cg expresses the proportionality between 4+ 1/7,
andG.
By rewriting Eq. (5) with r,'=c,n for an Auger-type
process

1 1 N

— = —+cCuN,

Teff  Tsp A
we find that the excess carrier concentratias proportional
to the square root of the generation r&e This functional
dependence implies that the excess carrier concentration
controlled by a bimolecular formation of excitorias as-
sumed in Sec. IV A At these low temperatures all recom-

()

points (symbols are from tke 4 K curve in Fig. 3; the solid line is
simulated with =1 ms, 7.=4 us, a=10"* cm3s7},
Cax=1x10"° cm®s ™} andcp g =102 cm 3sL Inset: simu-
lated decay curves for high generation rat€s=10°? cm 3s™1)
illustrating the effect of impurity Auger back transfer on the decay

curve. The intensity is normalized.

indicated that there are two loss mechanisms, the rates of
which increase with the excess carrier density. We identified
one as the impurity Auger back transfeegime I\V). The
second one is most likely the loss of excitons by Auger-type
processe$Fig. 1(b)] with free carrierdregime Ill) which is
aecounted for by the second term in Egb). The third term

in the exciton equation describes the excitatian of the Er
(regime Ill). The factor in parentheses in the last term is the

bination processes most likely involve excitons: the indirectresidual fraction of unexcited Er centefdlg, is the total
band gap of Si inhibits direct band-to-band transitions, andumber of Er centejs This value approaches zero at high
recombination via deep levels is believed to occur via exci€xcitations, leading to a saturation in luminescence intensity.

tonic Auger processes:** As the Er luminescence is maxi-

The last equatior(8c) for the concentration of excited Er

mal at low temperatures and low excitation levels, we carfeflects the two possible deexcitation pathegime IV): ra-
conclude that excitons are also involved in the Si:Er excitadiative emission with spontaneous emission timend im-

tion process, as has been proposed previously.

purity Auger quenching which is proportional to the density

The following three rate equations, involving the excessof free carriers.

carrier densityn, the density of excitonhl, , and the concen-
tration of excited Er centemdf,, can reflect all the features
of the excitation and deexcitation procesfese Figs. (a)—

1(0)]:

dn
E=G—dn2 (88)
dl\IX 2 NX ( NEF)
=an“—cp,AN,—— | 1— —|, 8b
dt A, X X Tex NEr ( )
dNEr NX Er) 1
— T — —_— — —_— * —
T o 1 Ne, NE, rbt+CA'ErNe . (8¢

Figure 15 demonstrates the good agreement between the
simulated and measured power dependence. The fitting func-
tion Eqg. (4) can be derived from the analytical solution for
the steady state in the limit Mg <Ng, given by

*

N
|(G):T_Er
sp

G

. (9

172 172

G

a

G

a

Tex Tsp

1+

Ca x CaEr

The good fit with Eq. 4 which is valid foNg,<Ng,, seems

to indicate that under the present experimental conditions,
i.e., Er peak concentration and depth, the maximum light
output at low temperatures is limited by the Auger processes
and not by the number of excitable Er ions. Due to the com-

Equation (8a) describes the generation of carriers and theplex structure of the real sampléspatial inhomogeneity,
formation of excitons. The last term reflects the results of theecombination at surface and implantation defects) étés
two-beam experiment. The excess carrier density is conmodel provides only a semiquantitative description.

trolled by bimolecular formation of excitons. The form of the  In the following paragraphs we apply these rate equations
functional dependence of PL intensity on poweé&q. (4)]  to describe the PL decay curves, the power dependence of
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the emission intensity and the two-beam experiment and dis- 1ot

cuss the reasonableness and the consistency of the param- 2 P T=4K

eters. Assuming that the maximum applied powke6 W in a4

a beam spot of 2-mm diamejezorresponds to a generation = 10

rate of 16* cm s, we obtain the following set of param- 4

eters: 7,=1 mMs, 7,=4 us, a=10"? cm’s’ TR

Cpy=1X 10 cmPs™?, and cpg=(0.2...1)x10 2 N

cm° s L. The solid lines in Fig. 13 show the simulated decay 515tk

profiles for two different excitation powers, demonstrating 0

that the observed fast component indeed appears at high gen- 8

eration rates and is due to the initial decay of excess carrier. 5100 ¢ ST,
The inset of Figure 15 compares simulated normalized decay " _ A (um)
curves withc, g,=0 andc, g,=10" 2 cm 3s71. In the case T L — TR

of cp =0, i.e., no back transfer, there is no influence of the -4 -3 216t 1 1¢
other loss procesgegime Ill) on the decay time, i.e., in this
case the excitonic Auger recombination. The dashed line in
fhe model and the parameters to the PL. to-beam experl- FIG: 16. Povier dependence of the boron bound-excion fne
ment. The strong and nonlinear increase of the effective défptens'ty (4 K, sampleA, PL spectrum in insgt The solid line is
cay rater.; (Fig. 14 and inseétwith increasing background ited with Eq. (11).
generation cannot be explained by the continuous pumping
only without the Impurity Auger quenching of the Er excited PL __CmP
state lifetime with excess free carriers. B et VP
Hangleiter and Fieker® investigated the process of exci-
tonic Auger recombinatiofiFig. 1(b)] for low carrier con-  Figure 16 demonstrates that the intensity of the boron bound-
centrations in Si. In their research on electron-hole-electrogXciton line (see inseét follows this dependence over four
recombination processes, they considered the effect dfecades of excitation laser power.
electron-hole correlation due to Coulombic interaction, The coefficient for the impurity Auger effect was calcu-
which enhances the probability of Auger processes particuated by Langer and co-workef$*’ Assuming only electric
larly at low temperatures and low carrier densities. Introducdipole interaction a simple formula was obtained for the im-
ing an electron-hole correlation factgg,,the rate for Auger ~ purity Auger coefficientc i,p, and the critical densityn,
recombination is NOWR= g, C5 N2p. The correlation fac- Wwhen radiative and radiationless processes have equal rates:

tor depends on the carrier concentration and temperature.

Power (W)

(11)

— -1
From Fig. 2 in Ref. 35 one can see a simple relationship Ca,imp= (NoTsp) ", (12
Jeer=5%10"" cm¥n which complements the experimental . 1p
and theoretical data of Hangleiter's paper well in the concen- Ne= 475205 <712 m” ag 13
. 8 _3 . 0 m™ nr 0 ( )
tration range between ¥0and 168 cm™3. With the free- Mo o

carrier Auger coefficient for high concentratiofis,
ca=2x103' cm®s! this leads to R=1x10'2

cm 3s 1np. In our simple three-particle modéiree elec-
trons, excitons, and Er centerwe split the electron-hole-
electron interaction into two subsequent steps: exciton for(>\0=1-54 um, =1 ms we obtainn,=7.6<10 cm 3. In

mation and exciton-electron Auger recombinatisee Fig. agreement with our observations, Langer’s theory predicts

1(b)]. Since the slower process gives the total rate, we cal) i . R )
) . : at impurity Auger processes in silicon become important at
conclude that the values obtained from our simulations

= _ - - relatively low carrier concentrations. The calculated value of
(a=10 Y cmPs t cp ,=1%x10 * cm®s™1) agree very well y

— -12 (3 o1 ia ;
with this work. Note that our simulation€Egs. (8a—(8¢)] Ca,mp=1.4x10 " cm ~s "is in good agreement with our
and the fitting to the experimental results cover only the Iowv"’llue.OfC’*Er obtained above from the application of the rate
temperature Pl4 K), where all background carriers are fro- equationg Egs. 8a)-8(c)] to our measured data.
zen and only excess carriens= p) are considered. _ )

The model assumptions regarding exciton formation and D Energy back transfer by the impurity Auger effect

exciton-electron Auger recombination can also be confirmed via equilibrium free carriers

by measuring the power dependence of the boron bound- Spreading resistance measurements on Er/O-implanted
exciton line at 1.14um. The binding of an exciton at the and -annealed samples revealed the type conversion of a
neutral boron and the subsequent radiative recombination igrge fraction of the implanted layer fromto n-type [Fig.

n, is the refractive indexy, is the transition wavelengtim*

and m, are the effective and free-electron masses, respec-
tively; ap=157, andeg is the Bohr electron radius. Substitut-
ing the symbols with the corresponding values for Er in Si

a competitive process in regime Il. _ 11(b), sampleA]. The comparison with the SIMS profile
Slnt_:e the emission intensity is proportional to the numbeshows that most of the implanted Er lies in théype region
of excitons, we obtain: as well as in the depletion region of the second junction.

Temperature-dependent Hall-effect measurements on a shal-

N, = o (10) low implanted samplésampleB) show the presence of shal-
1 G | d deep d fter the implantati d l
TP ow and deep donors after the implantation and annealing
PO process, with thermal activation energies of 20 and 160
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FIG. 18. Temperature dependence of the short PL decay com-

ponent(60 mW, sampled); the solid line is fitted with Eq(14).
0 500 1000 1500

Time (us) energy of 24 meV is in good agreement with the free-carrier
activation energy obtained from the Hall-effect measure-
. _ment. The attribution of short and long components to Er
FIG. 17. Low-power PL decay curves and fitted exponentialscenters in then-type and depletion regions, respectively, is
(60 mW, sampleA); 3 K; one exponential1290 us); 100 K, two g \5nrted by the EL decay experiments in Sec. IV C where
exponential{270 and 1033:s). we were able to control the contribution of these components
by varying the depletion width through a reverse bias during
Vo Nt - the decay half-cycle. We showed above that a short decay
cm3) is about six times higher than the shallow boron ac- i ; ; i ot
05 o3 = component arises with an increasing excitation level due to
ceptors(8x10™ cm ) the apparent activation energy mea- the excess carrier quenching. The relative contribution and
sured for temperatures above 70 K corresponds to the haff,e time constants therefore depends on the net carrier con-
of the true ionization energy of 40 meW.e,, negligible  centration given by background doping and process-induced
compensation In this section we show that these shallow g|ectrically-active defects, and on the spatial homogeneity
donor states provide the electrons for the impurity Augerynq injection level.

backtransfer process. __In order to estimate the upper limit of the contribution of
Figure 17 shows the PL decay curves at low excitationhe impurity Auger effect with equilibrium free carriers to
powers for three different temperaturest A K a single- 16 thermal quenching of intensity we replace andn of
exponential decay is observed with a time constant resonarp_iq_ (7) with the impurity Auger coefficient obtained from
of 1290 us. With increasing temperatures a fast componeng simulations(c, g,=10"12 cm~3s7%) and the maximum

appears. Here we can rule out the effect of excess carrietg,yrier concentration at 300 K obtained from SRP of sample
discussed in Sec. IV C. There is no fast componédtida at 5 (Fig. 16,n=2x10" cm™3). We obtain an effective life-
these low excitation powers. For a given pumping power thgime of 20 4s. Compared to the spontaneous emission time

quenching effect via excess carriers should be most pross 1 ms; this would account only for a quenching by a factor

nounced at low temperatures where the excess carrier lifgs 7f Ter=50 which is much less than observed for low laser

times are long enough. Considering the spatial distribution °Bowers(~103). It is evident, however, that the first step of
the Si:Er centers presented in Figbl we propose that the armal quenching between 4 and 100(Rig. 2 can be
two decay components correspond to the decay of Er centeffyinyted to impurity Auger back transfer with equilibrium
in the n-type (n>0) and depletlon regl_on_$n=0). In the e carriers. The apparent activation enelgy 10 meV for
n-type region th_e concentration of equmbnum fr_ee _eleCtm”Sintensity quenching obtained from the fitting by E@) is
increases with increasing temperatures by ionization of thjiterent from the value obtained from the initial decay time,

shallow donor states. These free carriers reduce the effecti\ﬁ*e(:ause the total emission intensity is determined by Si:Er
excited-state lifetime of Si:Er centers in this region by the cnters in all three region®, p, and depletion layer

impurity Auger effect. While the temperature dependence of Taguchi, Nakagome, and Takafetonsider the impurity
the contributions, i.e., the ratio of intensities, of the fast a”dAuger effect with bound carriers as a possible quenching
slow components depend on the distribution of generated,echanism for Yb in InP at low temperatures. If the carriers

carriers and the spatial distribution of donors, the decay timgare hound to the Er with a binding energy of 20 meV, we
should have a simple temperature dependence. Rewriting EQ, 4, however, expect an increase of lifetime with tempera-
(6) with the thermally activated concentration of carriers, Wey,re as the thermalization of these carriers would inhibit this
obtain nonradiative relaxation process of the excitddstiell. Tagu-

1 chi, Nakagome, and Takahei proposed that the Yb lumines-
1 E - - -
—+coex;{ A )] (14) cence may be quenched by the impurity Auger process

meV 38 As the concentration of shallow dono¢s-5x10'®

Teff= kT through electrons that are captured by the Yb-related trap

from distant shallow donors after the excitation process. The
In Fig. 18 we plot the short decay time as a function oftemperature behavior of such an indirect process is less ob-
temperature. The solid line is a fit with E(L4). We obtain  vious: it depends on the ionization energies of the shallow
Tep=1290 us, cg=0.067, andE,=24 meV. The activation donor and the RE-related trap. We cannot not rule out such a

TSp
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4 demonstrates that the long decay component shows the same
® PL dependence as in the PL experiments. Above 100 K the long
¢ EL component decreases rapidly with the same activation energy
(150 meVj, and it falls below the system response time at
temperatures above 160 K. We have shown by the EL ex-
periments(Sec. IV B, Figs. 6 and)7that the contribution of

the long component can be controlled by the reverse bias.
The control by reverse bias and the small decrease up to 100
K therefore show indeed that the long decay component of
the EL decay under reverse bias is dominated by Si:Er cen-
ters inside the depletion region.

By temperature dependef-V measurements we con-
firmed that the reverse bias depletion layer capacitance of the
shallow implant LED increase only by about 5% from 100 to
300 K. As the capacitance is inverse proportional to the

T (K) depletion layer width, we can conclude that the depletion
width does not change significantly in this temperature

FIG. 19. Temperature dependence of the long component: Pkange. The narrower distribution of Er for the shallow im-
decay of sampleA at low power (circles and EL decay under plant (peak depth at 130 niensures that all Er centers are
reverse biagsampleD). Solid lines are fitted by Eq14), yielding  inside the large reverse-bias depletion regi@0 nm).
an activation energy of 150 meV for both sets of data. Hence, despite the absence of free carriers we can observe a

strong decrease of the excited Er lifetime above 100 K. This
process without further knowledge about the nature of theesult leads to the important conclusion that the thermal
observed deep and shallow donors in the Si:Er:O system. Wguenching above 100 K must be caused by a different, non-
believe, however, that the impurity Auger effect with free radiative energy back transfer mechanism.
carriers is more likely the dominant process: first, because all The quenching activation energy of 150 meV corresponds
our results, i.e., the quenching by excess carriers, EL decagpproximately to the second activation energy obtained from
under reverse bias and the correlation between the tempertdre temperature dependence of the emission intefiSigy 2
ture dependence of the low-power short component and thaend Eq.(2)]. The energy is close to the deep donor level
free-carrier concentration, can be explained by this processyhich we obtained from Hall effect. Er/O-related states in
second, because theoretical predictions and experimental rére band gap close t&.-160 meV have been previously
sults on Cdg:Mn (Ref. 29 show that the impurity Auger found by other groups by deep-level transient spectroscopy
quenching by bound carriers is about two orders of magnimeasurement®:113° In Refs. 10 and 11 the authors pro-
tude smaller than that by free carriers. posed the thermalization of the exciton bound t&al50

The disagreement between the observed quenching rate nfeV band-gap state as the quenching mechanism for the
the emission intensity and the extrapolated lifetime quenchluminescence of Er in Si. This process, however, can only
ing by the impurity Auger effect suggests that the observediecrease the pumping efficiendyegime lll, Fig. ) and
activation energy of 160 meV cannot be due to impurityshould not result in the decrease of the effective excited state
Auger quenching by free carriers which are released fronlifetime, as discussed above.
deep donors & -160 meV. In Sec. IV E we present experi-  The paper by Coffaet all* reported the decrease of the
mental evidence of this important conclusion. We reveal thel/e time of the two observed decay components with tem-
presence of a second back-transfer process from Si:Er whigherature. This result was attributed to backtransfer processes
is responsible for the thermal quenching above 100 K. in agreement with our results. As mentioned above, their
interpretation of the components as two Er species cannot
account for our decay experiments under different bias con-
ditions. In Ref. 11 the decay curves were decomposed into

In Sec. IV D we showed that the fast component in thetwo decay components withétimes of ~80 us and~1 ms
low-power PL experiment, which arises at higher tempera{Figs. 3 and 4 in Ref. )1 The temperature dependence of
tures, can be attributed to the impurity Auger effect via freethe time constants is not shown in that paper. It is argued,
equilibrium carriers in than-type region. In Fig. 19 we plot however, that in impurity-rich Er-doped Si the luminescence
the temperature dependence of the long component that watensity is dominated by an Er configuration with a fast
attribute to Er centers in the depletion regi@ircles. Due  decay. The thermal quenching is attributed to the thermali-
to the absence of free equilibrium carriers, the decay time igation of the bound exciton. Conversely, the analysis of the
almost constant in the range from 4 to 100 K. For higherpreceding sections show that in our Er/O-doped samples
temperatures, however, the long component also decreasksth decay components decrease subsequently with increas-
rapidly. The solid line is a fit with E¢14), which yields an  ing temperature below the time resolution of our syst@
activation energy of about 150 meV. ©S). Due to this experimental limitation our conclusion on

In order to examine the role of the depletion region widththe second back transfer is limited to the temperature range
we performed a corresponding EL experiment on a processeaelow 200 K. Shiret al. recently’® investigated the Er lumi-
400 keV LED (sample D. The EL decay curves were mea- nescence of hydrogenated amorphous silicon films. The si-
sured under reverse-bias conditions. Fig. amond$  multaneous decrease of luminescence intensity was ex-

~150meVv

1:long (ns)

10 ————
0 50 100 150 200

E. Evidence of a second back-transfer process
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plained by back-transfer processes, too. Conversely, Van daetependence can be well described by analytic simulation.
Hoven et al*! recently reported on the thermal quenchingWe have shown evidence of an additional backtransfer pro-
behavior of amorphous silicon films highly doped with Si cess with an activation energy of about 150 meV which sets
and O. Little temperature quenching of intensity was ob-in above 100 K.
served, and the decay curves showed two components with The involvement of the #shells makes rare-earth centers
temperature independent time constants and ratio of contriinique among other recombination centers in semiconduc-
butions. Little thermal quenching was also observed for,ErOtors. First, excitation and emission occur between discrete
nanocrystals, a silicon matrf¢,and Er implanted in porous energy levels. Since f4electrons are not valence electrons,
silicon*® The understanding of these interesting noncrystalno phonon replica can be observed in the PL spectra. Sec-
line silicon-based materials may help to understand the physend, although the recombination energy of electron-hole
ics of Er in crystalline Si. It should be noted, however, thatpairs or(bound excitons is not resonant with thef 4ransi-
these materials are distinctively different, and often muchion energy, the excitation process is surprisingly efficient at
less defined in terms of structure, chemistry, and electronitow temperatures, compared to optical pumping of Er in
properties, particularly the band gap. glass hosts or other luminescence mechanisms in silicon. The
As a possible second backtransfer process we suggest thing spontaneous emission time provides that<r,.
nonradiative energy transfer from the excited Si:Er to theHence, the recombination energy is stored in thesHell for
excitation of a carrier bound to the 160 meV donor level.a time which can be longer than the excess carrier lifetime.
This transition requires thermal energy to supply the energyrhis energy storage, however, causes a vulnerability to non-
difference between the 0.81 eMf 4ransition energy and the radiative energy backtransfer processes like the impurity Au-
distance between the valence band and donor levaler process, as we show for the case of Er in Si. The im-
AE=(E.—0.16 e\)—0.81 eV=0.15 eV. A similar process provement of room-temperature quantum efficiency will
has was proposed for Yb in InP by Taguchi, Takahei, andequire a profound understanding of these backtransfer pro-
Horikoshi?! cesses and of the excitation mechanism, too. As it has al-
ready been shown experimentally, the ligands, like oxygen
V. CONCLUSION or flourine, play a crucial role in the enhancement of light
_ emission from Er in S{7! Optimization of the role of the
We have showed that the thermal quenching of the Efigands in the excitation and back transfer processes, through
luminescence in Si is caused by nonradiative energyang-gap states, crystal field engineering or coupling to the

mains constant with temperature. We have demonstrated that

the impurity Auger process is the dominant quenching
mechanism for Er in Si below 100 K. The observed fast
initial decay component at high pumping powers was attrib- We wish to express our gratitude to Shelby Nelson from
uted to the decay of the excess carrier concentration whiclolby College, ME, for the Hall-effect measurements. This
results in a time dependent probability of the nonradiativenork was sponsored in part by ARPA/Rome Laboratories,
energy back transfer. Considering exciton formation,Hanscom/AFOSR under Contract No. F19628-92K-0012
exciton-electron Auger recombination and the impurity Au-and F19628-95-C-0049. J. P. was supported by the Deutsche
ger effect with free(excesy carriers, the power and time Forschungs Gemeinschaft.
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